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GREAT LAKES RESEARCH DIVISION 


The Great Lakes Research Division (formerly Great 
Lakes Research Institute) is part of the Institute of Sci- 
ence and Technology of The University of Michigan. 
The Great Lakes Research Institute was established by 
action of the Board of Regents on May 16, 1945, for 
the “encouragement and integration of studies of the 
physical, chemical, biological, and other aspects of the 
Great Lakes and related areas,”” and was reorganized 
as a Division of the Institute of Science and Technology 
on April 1, 1960. 

It is a research organization in the broadest sense, 
whose objectives are the stimulation, promotion and 
coordination of research on the Great Lakes, as well as 
the implementation of the University’s teaching and 
research program for graduate students. The Division’s 
objectives may be more specifically stated as follows: 


1. To contribute by every means at its disposal to 
increase understanding of all aspects of the 
Great Lakes region. 


2. To cooperate with other organizations on the 
campus, within the state, and outside the state 
in the conduct of mutually beneficial research on 
the Great Lakes and their tributary waters. 


3. To make available the results of Great Lakes 
investigations, and to make special efforts to 
place them in the hands of those concerned with 
practical operations. 


4. To serve, in general, as a center for Great Lakes 
information and research for the University, the 
state and the entire Great Lakes region. 


5. To implement the teaching and research pro- 
gram of The University of Michigan. 


David C. Chandler 
Divisional Director 
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PREFACE 


The Fourth Conference on Great Lakes Research, sponsored by the Great 
Lakes Research Division of the Institute of Science and Technology at The Univer- 
sity of Michigan, was held at Ann Arbor, Michigan, on April 17-18, 1961. 

The Third Conference met at the University in the spring of 1959. As was 
stated at that time, it was organized in recognition of an urgent need for concerted 
thought and action by all researchers engaged in Great Lakes investigations, such 
need being stimulated primarily by increasing national and regional interest in the 
Great Lakes as a natural resource. It was generally agreed that the Third Confer- 
ence provided a much-needed insight into the status of Great Lakes research and 
that future conferences would be desirable. 

By the fall of 1960, it had become apparent that sufficient research had been 
planned, initiated, or completed to justify, and even necessitate, the holding of a 
fourth conference, at which those engaged in research on the lakes could report 
upon the results or status of such work. In this way information could be exchanged 
and made available to all interested persons. 

Accordingly, a general call for volunteer papers was made, with a total of 
thirty-eight accepted for presentation. The diversified subject matter made pos- 
sible a logical grouping of these papers into categories upon which the sessions 
and the Proceedings were based. Authors were permitted the option of publishing 
either completed manuscripts or abstracts; hence, both forms appear here. 

It was the consensus of the members of this conference that an annual con- 
ference on Great Lakes research be held, and that on alternate years the meetings 
would be at Ann Arbor, Michigan. Also, it was decided that the Fifth Conference 


will be sponsored by the Great Lakes Institute at the University of Toronto, to be 
held in April of 1962. 


Charles F. Powers 
General Chairman 
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WATER CHEMISTRY AND POLLUTION 


CHARACTERISTICS OF LAKE MICHIGAN WATER IN REGARD TO 
TOXICITY TOWARD SHIGELLA SONNEI AND OTHER BACTERIA* 


L. R. Hedrick 
Biology Department, Illinois Institute of Technology 
Chicago 16, Illinois 


Within the past few decades, several papers have been published relative to 
the fate of coliform bacteria in marine waters. A short review of these was pre- 
pared by Carlucci and Pramer (1959, 1960a, b, c and d). In contrast, the number 
of publications relative to survival of bacteria in fresh water is relatively few. 
Ruediger (1911) reported upon the cause for the more rapid decrease of coliform 
and typhoid bacteria in the Red River (Fargo, N. D.) in the summer as compared 
with the decrease in the winter. After ruling out the effect of sunshine, oxygen 
levels and other factors, he came to the general conclusion that ‘‘Colon bacilli and 
typhoid bacilli disappear much more rapidly from polluted river water (Red River) 
during the summer months than during the winter months when the river is covered 
with ice and snow. The destruction of these organisms in the river water during 
the summer months is in a large measure due to the growth of microscopic plants 
and other organisms which apparently give off dialyzable substances which are 
harmful to B. coli and B. typhosa.”’ 

Bigger (1937) studied the survival of coliforms in fresh water ponds and 
lakes in Ireland. He demonstrated that in some waters bacteria were able to mul- 
tiply when stored in water, and in autoclaved water there was a greater population 
increase. At other times the water was toxic to coliforms. This toxic component 
was removed by adsorbents, kaolin and powdered charcoal. He indicated that the 
inhibitory substance was carbon dioxide. 

Noble and Gullans (1955) summarized the results of several years work 
upon the survival of coliforms in Lake Michigan. The report deals specifically 
with tests for every working day in the calender year 1951-52. They established 
that coliform bacteria decreased in numbers when untreated Lake Michigan water 
was stored at temperatures ranging from 5°C to 30°C. In all months of the year 
there was a significant loss; the losses were especially large in the summer 
months. On several occasions the loss was significant within one or two hours. 
Sodium thiosulfate, when added to the water samples in the concentration of 0.29 
mg/ml, furnished partial protection for the coliforms. 

Shipe and Fields (1956) used the chelating agent, EDTA (tetra-sodium-salt 
of ethylene diamine tetraacetic acid), to eliminate the effects of heavy metal ions 
in Tennessee River waters. 

This report will summarize the results of about ten years of work upon the 
toxicity of Lake Michigan water toward pure cultures of bacteria associated with 
intestinal infections. Of the organisms used, E. coli, three species of Salmonella 
and five strains of Shigella, S. sonnei appeared to be the best index organism for 
testing lake water toxicity. Therefore, most of the information was obtained with 
Shigella sonnei, American Type Culture 9290. The work will include a description 


of lake water with regard to toxicity and an attempt to isolate and characterize the 
toxic substance or substances. 


*Supported in part by U.S, Public Health Service Grants in aid numbered E 239 and E 930. 
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MATERIALS AND METHODS 


Essentially all the untreated lake water samples were collected from the 
incurrent stream at the 79th Street Filtration plant in Chicago. At this station— 
the crib intake aqueduct—the normal pumping volume is 325,000,000 gallons per 
day, and in the summer this volume may be increased to 600,000,000 gallons per 
day. The crib intake is two miles into the lake and 40 feet below the surface. With 
this volume flow and intake source, samples collected over a period of time should 
give a representative picture of the nature of water in Lake Michigan. 

In the early stages of this study it was not known to what the variation 
should be attributed. Experience indicates that most of the variations in the sur- 
vival pattern of the test bacteria are due to environmental causes and are not due 
to variations in the physiology of the test bacteria nor to differences in techniques. 

Untreated Lake Michigan water was brought to the I.I.T. laboratory and 
sterilized by filtration through Selas, ceramic, sintered glass or membrane filters. 
The filtered lake water was placed in dichromate cleaned and thoroughly washed 
(washed at least 10 times in tapwater and three times in distilled water) pyrex bot- 
tles. The openings of the bottles were covered with aluminum foil prior to sterili- 
zation at 165°C for three hours in an electric oven. Before use, these aluminum 
films were replaced with cotton stoppers which had been sterilized in an autoclave. 
This precaution was exercised to prevent the presence in the bottles of any toxic 
fumes from heated cotton. The lake water pH was 7.8 to 8.0 and the pH was adjust- 
ed to this range after the addition of any agent. Distilled water was thrice distilled 
in glass from lake water. Distilled water was usually buffered with 0.001M potas- 
sium phosphate to give a pH of 7.8. 

The S. sonnei cells were cultured for 24 hours in heart infusion broth at 
37°C. The cells were centrifuged, washed three times and suspended in 0.02M po- 
tassium phosphate buffer at pH 7.0. Suspensions of these cells were brought to an 
optical density of 1.0 in sterile buffer and 1 ml of the suspension was inoculated 
into test bottles containing 99 ml sterile lake water. One pair of bottles contained 
a 1 to 100 dilution of the suspension; another pair contained a 1 to 10,000 dilution 
of the suspension. These latter bottles had about 60 to 80 viable bacteria per ml 
when a 1-10 dilution was plated at zero time in heart infusion agar. The zero time 
count was determined for the test organisms in every experiment. The bottles 
with the higher concentrations of cells were not sampled except for time studies 
with highly toxic waters. That is, if it was suspected that all the bacteria in the 
bottles with the 10~* dilution would be destroyed, the number of viable cells in the 
bottle with 10~* dilution would then be determined. 

The original experiments upon the effect of heat were to kill any possible 
bacteriophage. A portion of the filtered lake water was placed in a sterile clean 
pyrex bottle and this was immersed in a boiling water bath for 10 minutes. The 
sample bottles were immediately cooled under running water and shaken so that 
air components including CO2 would be restored. Then the cooled water was inocu- 
lated with the test bacteria. The temperatures 60°C, 70°C, 80°C, 90°C and 121°C 
and times other than 10 minutes were employed. 

In the use of resins, preliminary observations indicated that a weak anion 
resin was effective in removing or nullifying the toxic factor in lake water. Fur- 
thermore, it was determined that different lot numbers of IR45* gave varying re- 
sults; therefore, after considerable experimentation we selected lot numbers 2210 
and 6686 as being most desirable. Duplicate columns of either type were prepared 


*Rohm and Haas, Philadelphia. 
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for use according to the method of Hirs, Moore and Stein (1952) and were washed 
twice with hot ethanol and once with acetone. Then the columns were rinsed with 
distilled water until the filtrate was clear, charged with 4% NH,OH and washed 

thoroughly with distilled water until the effluen’: pH was acid to phenol red (pH 6.8 
or less). If the columns were not used at once, they were washed again. Several 


hundred ml of lake water were passed through the col- 
umns prior to selecting the test sample. In experiments 
with many liters of lake water, the water was strained 
through cheesecloth and cotton pads to remove the 
plankton. Lake water pH was changed from about 8.0 to 
5.5 by addition of dilute hydrochloric acid prior to pass- 
ing water through the weak anionic columns. After pas- 
sage through the columns, the pH was adjusted to a pH 
of 7.8 to 8.0 prior to filtration through a Selas candle. 


RESULTS 


After many experiments over a period of about 
eight years, the burden of evidence favors the thesis 
that the responses of the test bacteria to situations with 
the same environmental factors are remarkably con- 
stant. During these studies variations in the experi- 
mental technique were essentially absent. Results of 
about 90 tests with Shigella sonnei are given in Figure 1. 
Are these different responses due to variations of the 
bacteria, variations in technique, or are they caused by 
different types of lake water? In the opinion of the au- 
thor, they are due to the latter. 

Lake Michigan water with respect to its toxicity 
toward S. sonngi may be divided into three major types. 
These principal types are (1) lake water and heated lake 
water equally toxic, (2) heated lake water more toxic 
than lake water, and (3) neither lake water nor the heat- 
ed lake water are toxic. Type (1) may be subdivided 
into type 1A, water stored for one week at 21°C is as 
toxic as lake water and heated lake water; type 1B, tox- 
icity of lake water is decreased upon storage. These 
types are given in Figures 2, 3, and 4. 

The frequencies in which the types of water were 
detected throughout the year are given in Figures 5, 6, 
and 7. Type (1) water is encountered most frequently in 
the months of July, August and September and is seldom 
found in the winter months of January, February, March, 
November and December. Type (2) water may be sub- 
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Fig. 1. Per cent toxicity 


of Lake Michigan water 
as measured by survival 


of Shigella sonnei after 


storage in filtered lake 
water for 24 hours at 
af°C. 


divided into samples in which the heated water is highly toxic and those in which 
the heated water is much less toxic. The distribution of either through the year is 
more even than that for type (1) water. Type (3) water is most often encountered 
during the winter and early spring months. A summary of the characteristics of 
these types and their incidence over a period of years is given in Table 1. Table 2 
gives the effect of storing lake water upon its toxicity toward S. sonnei. It should 
be noted that lake water whose toxicity is reduced by storage, or in other words 
whose toxicity is not stable upon storage, is encountered with twice the frequency 
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Fig. 2. Type 1A lake water—lake water, 
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Fig. 4. Type 2 lake water—heated lake wa- 
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Fig. 3. Type 1B lake water—toxicity of lake 
water decreases after storage at 21°C for 7 
days or less. 
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Fig. 5. Distribution of type 1 (A and B) 
lake water during the year. 
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Table 1. Characteristics and Frequency of Lake Water Types 
During a Seven-Year Study Period 
_ ———————_______________ 
Average number of colonies of Shigella sonnei 
on heart infusion agar plates 


—— Heated lake water 
Types of 100°C for 10 min. 
lake water 24 hrs 24 hrs at 
0 time at 30°C 0 time 30°C 
1. Lake water and 
heated lake water 70 3.5 67 4 
highly toxic n=114 n=115 n=115 n=108 
2. Heated lake water 
more toxic than 
unheated lake 
water 
A. Heated lake 
water highly 58 43 60 3 
toxic n=78 n=78 n=81 n=84 
B. Heated lake 
water toxicity 82 46 79 23 
low n=56 n=56 n=68 n=70 
3. Neither lake 
water nor 
heated water 70 72 71 62 


are toxic n=58 n=58 n=58 n=56 
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Table 2. Effect of Storing Lake Water Upon Its Toxicity 
Toward Shigella sonnei 


Samples were stored for 1 week or more at 21°C. 
Numbers indicate frequency for each category during the study period. 


Character of ne ene ae Toxicity of lake water Toxicity increased 
lake water toxicity ‘ as 
lake water : reduced by storing by storing 
by storing 
Toxic 11 : 21 z 
Non-toxic 27 4 13 


of the water with stable toxicity. Furthermore, non-toxic water quite often becomes 
toxic upon storing. These same samples are often activated by heat. It may be that 
either procedure in some manner converts a precursor into a toxic compound. 
Table 3 gives the distribution of stored samples during the twelve months of the 


Table 3. Frequency and Distribution of Stored Samples During the Year 


Months 1 2 3 4 > & a - 4 10 11 12 
No change in lake water 
toxicity by storing a ae oe co, oe oo ef 1 0 0 
Toxicity reduceu 
by storing 8 @ oe S&S a. & ~~ 3 3 0 
Toxicity increased 
by storing : & 2 2 2. 1 2 0 1 0 2 


year. The incidents of lake water in which storage produces no change in toxicity 
are in the first eight months. Water with unstable toxicity occurs most often in the 
months of July, August and September. 

The elucidation of the composition of the toxic factor or factors is a com- 
plex problem. This situation is true because there is no method of predicting with 
any degree of certainty which type of water will be encountered on any sampling 
day, and most of the highly toxic waters lose much of their toxicity when stored 
even at 4°C for a few days. Some methods employed to determine the identity of 
the toxic substance or substances will be discussed briefly. 

Distilled water samples were always toxic irrespective of whether the dis- 
tillate came from toxic or non-toxic water or whether the distillation was performed 
at atmospheric or reduced pressures. The distilled water samples were always ad- 
justed to pH 7.8 with 0.001 M phosphate buffer. Potassium phosphate in this con- 
centration is neither toxic nor protective for S. sonnei when added to distilled water. 

Bigger suggested that dissolved carbon dioxide was the toxic agent in fresh- 


water reservoirs in Ireland, High toxicity was not correlated with high free carbon . 
dioxide in tests for free carbon dioxide in Lake Michigan water using the method of 

Loomis (1957). Furthermore, water samples saturated with carbon dioxide were 

not toxic. The bicarbonate alkalinity of Lake Michigan water is about 110** mg/liter. 
Lyophilized lake water powder contains considerable bicarbonate. Powder prepared 

from frozen toxic water by lyophilization did not induce toxicity when added to non- 

toxic water. 
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Toxic materials are removed or nullified when the water is passed through 
columns of properly prepared weak anion exchange resins. On several occasions 
at least 40 liters of lake water were passed through each of four similar columns. 
Representative results of such an experiment are given in Table 4. It may be noted 
that although the untreated lake water was toxic, the lyophilized powders of the elu- 
ate did not incite any marked toxicity in the solvent, non-toxic lake water. 


Table 4. Tests for Toxicity of Resin Eluates from Toxic Waters 
When Dissolved in a Non-Toxic Lake Water 


Lake water made acid, then passed through weak anion resin-IR45 and 
adsorbed materials eluted with 4% NH,OH. 


Number of Shigeila Number of S. sonnei after 





Sample sonnei at zero 24 hrs in lake water sample 
time x 10° x 10° 
Untreated lake water 8-13-58 106 1 
Last 200 ml of 4 L thru 
resin 6686 A 62 51 
Last 200 ml of 40 L thru 
resin 6686 A 19 44 


10 mg eluate powder 
in 20 ml non-toxic lake water 175 28 


50 mg eluate powder 
in 20 ml non-toxic lake water 91 38 


Several unsuccessful attempts were made to culture in pure culture the 
predominant plankton forms such as Tabellaria, Fragilaria, Synedra Dinobryon 
and Ankistrodesmus, using the methods of Palmer and Maloney (1953) and the mod- 
ified Chu #10 solution of Gerloff, Fitzgerald and Skoog (1950). The recommended 
mineral and other ingredients were used in stationary flasks, in shake flasks and 
in petri dishes containing washed agar or Ludox silica gel. 

Another approach to associate planktonic types with lake water toxicity in- 
volved the determination of specific plankton frequencies with the incidents of tox- 
icity in lake water. This study represented 47 sampling days from February 1958 
to September 1959. The genus which was more closely associated with toxic sam- 
ples and absent in non-toxic samples was Dinobryon. Another organism which was 
present in large numbers in many toxic waters was Tabellaria fenestrata; however, 
some non-toxic water samples contained large numbers (250 units/ml) of Tabel- 
laria and a few toxic samples contained only 21 units of this genus. 

Plankton organisms centrifuged from 40 liters of water were crushed in 
the frozen state in a Hughes Press (1951). The frozen and disrupted cells were 
suspended in 100 ml non-toxic lake water, and the solution was sterilized with a 
membrane filter. One ml of the sterile filtrate was added to 99 ml of non-toxic 
water for testing with S. sonnei. There was essentially no difference between ex- 
tracts from toxic or non-toxic lake waters. Some crude extracts were fractionated 
into 10 fractions with a paper electrophoresis apparatus modelled after that of Sato 
et al. (1952). There was no real difference between any of the fractions obtained 
from toxic and non-toxic lake water. 








& 
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DISCUSSION 


Although it has not been possible to definitely associate the toxic substance 
with plankton organisms, either in a general or a specific sense, the suspicion is 
strong that some plankton forms are responsible for the toxic effect. One of the 
toxic substances is probably a weak and rather unstable organic acid. The insta- 
bility may in part be due to the alkalinity of Lake Michigan water. This substance 
appears to differ in many respects from acrylic acid isolated from Antarctic ocean 
water by Sieburth (1960). 

The evidence accumulated in this study indicates that Lake Michigan is a 
decidedly heterogeneous body of water, especially with respect to toxicity toward 
S. sonnei and related bacteria. Noble (1960), in an elegant study using duplicate 
five bank series of MPN tubes, demonstrated the stability and reliability of MPN 
tests for the quantitative determination of coliform bacteria. Using this method he 
demonstrated that there were increasing and significant differences between 
(a) source duplicates, (b) morning and afternoon samples of a particular day, and 
(c) day to day samples. Similar studies were conducted with a pond water in Mas- 
sachusetts; in the pond water there were only minor differences for the correspond- 
ing pairs of samples. In other words, by this method the homogeneity of the pond 
and the heterogeneity of Lake Michigan have been established. 

This offers an explanation as to why, even in the summer months, on one 
day the water may be extremely toxic and on another sampling day the water may 
not have any toxicity. However, as demonstrated previously, the toxic samples are 
more often encountered in the late summer months. It is likely that these toxic 
samples are from the midst of a plankton population that releases a toxic substance. 
A non-toxic sample would be from that portion of the lake which did not contain any 
or very few of the toxic releasing plankton. Much more work is required to deter- 
mine the origin, nature and distribution of the toxic substance or substances in 
fresh water. 


SUMMARY 


The toxicity of Lake Michigan water toward Shigella sonnei may be divided 
into several types: Type 1, in which lake water and lake water heated 100°C for 10 
minutes are both highly toxic. This type may be subdivided into type 1A, where the 
toxic lake water stored at 21°C for one week is equally toxic to the original lake 
water sample, and type 1B, where the toxic substance is unstable and the toxicity is 
essentially absent after storage at 21°C for seven days. Type 2 lake water is that 
type in which the heated lake water is more toxic than lake water. In type 3 lake 
water, neither lake water nor heated lake water are toxic. 

During the year, type 1 is most often encountered in the summer months of 
July, August, September and October. Type 3 lake water was most frequently en- 
countered in the late months, January, February, March, April and June. 

The identity of the toxic substance(s) has not been determined. However, 
since it is removed by a weak anion resin, the toxic principle is probably an organ- 
ic acid. As many of the most toxic lake water samples lose their toxicity upon 
storage, one toxic substance is unstable in lake water. Eluate powder from resin 
columns was not highly toxic irrespective of whether the water passed through the 
column was toxic or non-toxic. 
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WATERFOWL LOSSES ON THE LOWER DETROIT RIVER 
DUE TO OIL POLLUTION* 


George S. Hunt 
School of Natural Resources 
The University of Michigan, Ann Arbor 


Oil pollution losses continue to plague waterfowl which winter and rest dur- 
ing migrations on the lower Detroit River. The most recent mortalities occurred 
during March and April, 1960, and involved the loss of some 12,000 canvasbacks 
(Aythya valisineria), scaups (A. affinis and A. marila), redheads (A. americana), 
black ducks (Anas rubripes), and goldeneyes (Bucephala clangula),t according to 
Michigan-Out-of-Doors (1960:1,2). Approximately 50 per cent of the above loss 
was borne by the canvasback, which was particularly unfortunate because of that 
species’ already dangerously low numbers. 

Losses among wintering and transient waterfowl prior to 1960 on the lower 
Detroit River have been reported by Miller and Whitlock (1948), Hunt and Ewing 
(1953), and Hunt (1957). Oil pollution was among the factors which contributed to 
the deaths recorded in the above publications. 

A Federal Aid in Wildlife Restoration waterfowl project, known as W-45-R, 
was operative in the Detroit River area from early 1948 to the early summer of 
1956. The project was implemented and administered by the Game Division, Mich- 
igan Department of Conservation. Many of the controlled experiments were con- 
ducted near Lansing, Michigan. Some tests of an experimental nature were carried 
out in the field. 

The purpose of this paper is to present the results of that part of the studies 
which was concerned with waterfowl losses due to oil pollution. Data for the black 
duck, canvasback, lesser scaup, and redhead comprise the bulk of the information 
presented in this article. Other species were affected by oil, but the numbers in- 
volved were too limited to be significant. 


DESCRIPTION OF AREA 


The area studied is shown in Figure 1. The climate is variable, although 
somewhat modified by the surrounding Great Lakes. Sub-zero temperatures some- 
times occur during the winters (United States Department of Commerce, annual 
climatological summations). 

The terrain through which the river flows is level, broken only by the val- 
leys of the Rouge River and lesser tributaries, low morainic deposits, and beach 
ridges of former lakes (International Joint Commission, 1951:42). The part of the 
river which I studied intensively is two to four miles wide and mostly shallow; ap- 
proximately half is less than 10 feet deep. 


*This research was carried out as partial fulfillment for the requirements for the Ph. D. 
degree at the University of Michigan, 1957. Support for writing of this paper was given 
by the Great Lakes Research Division, Institute of Science and Technology, The Univer - 
sity of Michigan. 


tDuck names are according to A, O, U. checklist, 1957. 
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Fig. 1. Lower Detroit River study area. 


The velocity of the river current averages 1.5 mph in both the Livingstone 
and Trenton Channels (ibid.:48). The former channel is on the east side of Grosse 
Ile and the latter on the west side. These two channels carry 50 per cent of the 
average 175,000 cfs flow of the river in approximately equal amounts; the remain- 
ing 50 per cent flows down the Amherstburg Channel which is entirely within Can- 
ada (ibid.:49; United States Lake Survey, 1952:6). 

A large industrial complex has developed on the west shore of the river. 
Effluent warms the waters to the extent that at least part of the area studied has 
remained free of ice and many thousands of waterfowl have spent the winters there 
since about 1930 (Hunt 1960:162). Along with harmless effluent, there are wastes 
which are detrimental to various organisms. A study of the pollution of the Detroit 
River was made during 1946-1948 by the International Joint Commission (1951:62, 
66) which disclosed that an average 16,280 gallons of oils entered the river daily. 
An additional 17,400 gallons of oils daily were contributed during 50 days each year 
because sludge was dredged from the Rouge River and then dumped into the Detroit 
River (ibid.:67). 

To illustrate how much water 16,280 gallons of oil will cover, I have drawn 
on Klein’s (1957:24) data regarding the relationship of oil film thickness, oil quan- 
tity, and area. The above quantity of oil would cover an area of 12.21 sq miina 
film 0.00008 inch thick, which is easily visible as an iridescence on the water. The 
area of the Trenton Channel is approximately 3.05 sq mi. If it is postulated that 
all the oil flowed down the Trenton Channel, then oil would pass any one point for 
two hours and 40 minutes every day. During the 50 days when additional oil is 
present as a result of dredging, the time interval would be more than doubled. 
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REVIEW OF LITERATURE 


A considerable body of literature exists attesting to the incapacitating and 
fatal effects of petroleum oils on water birds in general and waterfowl in particular. 
Aldrich (1938) examined several hundred dead and dying birds in the San Francisco 
area during March, 1937, and concluded deaths resulted from several causes: 1) ex- 
posure, due to oil matted feathers permitting cold water to penetrate to the skin; 

2) starvation, due to greatly reduced mobility because oily birds could not fly and 
swam feebly in many instances; and 3) sickness, due to ingestion of oil. Moffett and 
Orr (1938) investigated this same loss and estimated the mortality at thousands of 
grebes, loons, murres, and scoters. 

Many authors have written articles concerning the losses of hundreds to 
thousands of waterfowl which have occurred in virtually all of the United States’ 
coastal waters, as well as inland areas, in many parts of Canada, Mexico, Austral- 
ia, and Europe (Beatty 1948; Brouwer 1953; Burnett and Snyder 1954; Gabrielson 
1946; Hadley 1930; King 1953; Kuhlemann 1953; Lewis 1942; Lincoln 1936; Martini 
1953; Peterson 1942; Phillips and Lincoln 1930:197-221). A number of these writ- 
ers state that a relatively small spot of oil is sufficient to allow exposure to cold 
water and that incapacitation occurs frequently with resultant starvation and death. 

The adverse effects of oil are not confined to birds. Beatty (1948:573) re- 
ported a serious loss of muskrats (Ondatra zibethica) due to oil on the Pine River 
in Michigan. Galtsoff (1936) proved experimentally that fish, oysters, and similar 
organisms suffer severely from the toxic effects of oils. Experiments conducted 
on muskrats by Wragg (1954) demonstrated the loss of buoyancy and lowered body 
temperature of these mammals when subjected to swimming in water with a film of 
fuel oil on the surface. He further showed that loss of bouyancy due to oil was cu- 
mulative and persisted for days after initial exposure. Williams (1942) found that 
this tendency to become easily wetted again, once they were exposed to oil, occurred 
in birds. She rescued an oily sea-bird, washed it in Dreft, kept it as a ‘‘pet,’’ and 
found that as long as three months later, when placed on the water, it would water- 
log. 

The probability that a duck, or other water bird, when contaminated with oil, 
could actually water-log and then drown was first stated by Phillips and Lincoln 
(1930:200). This thought was reiterated by Lincoln (1936:555) and Gromme (1936). 
Wooten (1954) described waterlogging and drowning of ducks when their plumage 
was disrupted by the effects of sand in heavy seas. 

Another effect of oil pollution on ducks has been described by Phillips and 
Lincoln (1930:205). Oily birds preened so vigorously in an attempt to rid them- 
selves of the oil that few feathers remained on parts of the body! 

In the discussion following Hadley’s paper (1930), it was pointed out that 
petroleum oils dissolve the natural oils of feathers, thus allowing penetration of 
water. Fish and vegetable oils were stated as not causing harm to plumage. 
Whether petroleum oils dissolve the natural oils of the plumage, or dissolve the 
fine interlacing barbicels, or simply cause matting is a moot question. Regardless 
of the nature of the disruption, the effects on the birds are the same, namely: low- 
ered survival possibilities. Concerning the ‘‘innocence’’ of animal and vegetable 
oils, Professor A. B. Cowan, of The University of Michigan, and I found that vege- 
table oils, and possibly animal oils, were involved in waterfowl mortalities which 
occurred in March and April, 1960, on the Detroit River. Infra-red spectroscopic 


examination of oily pollutants extracted from the feathers of the dead ducks showed 
this. 
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METHODS 


Ducks for the oil pollution study were obtained in two ways. They were 
either found dead or they were captured in live-traps set in water about 30 inches 
deep (Hunt and Dahlka 1953). Trapping extended generally from mid-December to 
late-April each year during the period of study. Each duck was banded with a 
United States Fish and Wildlife Service band. Approximately 30,000 ducks were 
live-trapped, banded, and released. Ducks were weighed to the nearest ounce by 
inserting them head-first into a metal cone attached to a scale. Sexing, aging, and 
species differentiation were accomplished by using plumage characteristics (Kort- 
right 1943). In the case of dead ducks, sex and age were determined by the cloacal 
and bursal methods. Notes were kept with each band-record regarding presence 
and general quantity of oil on a duck. Any other unusual condition was recorded. 

Many of the ducks were fluoroscoped to determine whether lead shot was 
lodged in body tissues or in the gizzard. The fluoroscopic techniques and equip- 
ment have been described by Hunt (1960:164). After banding, fluoroscoping, weigh- 
ing, etc., the ducks were released. Recovery at a later date provided important 
information concerning health, length of life, and movements. 

Analysis of recovery information on banded ducks permitted determination 
of the length of life after banding. This information was sub-divided to obtain com- 
parative lengths of life between ducks free of lead shot and oil and those having 
lead shot or oil. 

All dead ducks seen during routine work in the area studied were picked up. 
At intervals during the winter trapping period, usually following marked flows of 
oil or during periods of extensive ice coverage, systematic searches were made of 
shorelines to recover dead and dying waterfowl. 

Dead ducks were weighed, sexed, aged, and many of them were fluoroscoped. 
The presence of external oil pollutants was recorded. A number of oily ducks were 
sent to the Detroit Testing Laboratory in order to learn how much oil was present 
on them, the viscosity of it, and if any additives were present. Also, several ducks 
which were free of pollutant oils were sent to the same laboratory to determine the 
amount of natural oils on them. In this manner the amounts and kinds of pollutant 
oils on the dead ducks, as distinguished from natural oils, were determined. 

Many dead ducks were sent to the Game Division Pathologist in Lansing for 
necropsy to learn if parasites and diseases were important as a cause of winter 
deaths. Ducks were examined externally by the pathologist for oil, abnormalities, 
and general physical condition. They were examined internally for fractures, con- 
tusions, lesions and abnormalities of the organs, parasites, and lead shot in the 
gizzard; when it seemed advisable, bacterial cultures were made. 

Temperatures of live ducks suffering from exposure were obtained by in- 
serting a thermometer into the cloaca to a depth of 1 to 1-1/2 inches. Tempera- 
tures were obtained 1/2 to 1-1/2 hours after taking the ducks from the live traps. 
After a period of 6 to 24 hours of drying, temperatures were again taken before 
releasing the recuperated ducks. 

To avoid undue repetition the descriptions of experimental methods will not 
be presented here. Instead, they are in the section Results and Discussion along 
with the test to which they are appropriate. 


RESULTS AND DISCUSSION 


FIELD AND LABORATORY DATA 


The frequency of oil pollution in the lower Detroit River is shown in Table 
1. The tabular data indicate an increase in the occurrences of oil flows. Probably 
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greater experience on the part of the observers and more intensive investigations 
contributed to the rise. However, it seems certain that no decrease in frequency 
occurred during the five years. 


Table 1. Frequency of Oil Flows on Lower Detroit River for 
Period December, 1950, Through August, 1955 


Number Number Per Cent 
of Days of Days of Days 
Period of Observation Observed Oil Noted Oil Noted 
Winter Periods 
12-18-50 thru 5- 1-51 115 19 17 
12-17-51 " 4-30-52 108 20 19 
12-15-52 " 4-27-53 91 36 40 
12-28-53 " 4-30-54 82 45 55 
1- 3-55 " 3- 3-55 52 28 54 
Summer Periods 
6-25-54 thru 8- 9-54 21 12 oF 


6-15-55 " 8-25-55 6 3 50 


A total of 99 ducks (black ducks, canvasbacks, scaups, and redheads) died 
during one night in February, 1949, as a result of an accidental leak of fuel oil into 
their confinement area. The air temperature, not exactly known, was below freez- 
ing; and their large, outdoor pen contained flowing water as well as dry land. Ne- 
cropsy of 11 of them, as a sample, showed edematous lungs, tracheae, and bronchi. 
No other pathology was noted. Weights were well within the range of healthy ducks 
of the same species. Some had been captured only five days previously, others as 
much as 16 days before; but all, apparently, were in good condition. The patholo- 
gist concluded that death was caused by exposure as a result of the insulating qual- 
ity of the feathers being reduced by fuel oil. 

Twenty-seven scaups died in our live-traps from exposure induced by oil 
during the night of January 18, 1952. All exhibited normal weights (1 lb 11 oz to 2 
lb 6 oz). The plumage was wet to the skin and was quite oily. No other abnormal 
condition was noted. 

During the night of March 28, 1952, a total of three canvasbacks, 180 scaups, 
and one redhead succumbed in live-traps when an unexpected flow of oil occurred. 
The gizzards of 79 were examined and only four (5 per cent) contained ingested lead 
shot. These ducks did not exhibit the symptoms of severe lead poisoning. None of 
the ducks examined were seriously underweight, except one which was oily at the 
time it was first captured six weeks earlier. Average weights compared favorably 
with those of oil-free ducks of the same species which were trapped before and 
after this loss. All of the dead ducks, and the 23 still alive, were very oily and wet 
to the skin. Some of the live ones were so water-logged that they were barely able 
to keep their heads above water, even though swimming vigorously. A part of the 
dead actually had drowned and were found at the bottom of the traps. Twenty-five 
of the dead ducks had been banded previously, some just a day or two before. At 
the time of earlier handling they were in good health and exhibited normal weights. 

A further step was taken regarding the March 28, 1952, loss. Ten of the 
ducks (lesser scaups) were sent to the Detroit Testing Laboratory, Inc., for deter- 
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mination of the amounts, kinds, and viscosities of oils present. Amounts ranged 
from 0.54 to 4.2 grams and averaged 1.14 grams per bird. The oil extracted was 
SAE 10 and 40 of an ordinary refined, lubricating type, with no additive. 

A loss of 10 ducks occurred in live-traps the night of February 3, 1953, and 
additional data concerning amounts, kinds, and viscosities of oil were obtained from 
them. The same firm made the analyses. Seven lesser scaups had 1.10 to 2.26 
grams and averaged 1.62 grams of oil per bird. Two oily black ducks and one can- 
vasback were found to have 1.01 to 2.35 grams with an average of 1.54 grams of oil 
per bird. According to the examining chemist, the oil appeared to be a used lubri- 
cating type, since iron was present, and to be about SAE 40 in viscosity. 

Three additional ducks (two lesser scaups and one mallard) were taken to 
the Detroit Testing Laboratory. These three ducks were free of oils, other than 
those naturally present. Extraction showed that the scaups had 0.125 and 0.168 
grams of natural oil in the feathers and that the mallard had 0.205 grams. By sim- 
ply subtracting the amounts of natural oils found on the two size-groups of ducks 
from the least amount of petroleum oils found on dead birds of the same size-group, 
it is apparent that less than one gram of the foreign substance is sufficient to cause 
death from exposure or drowning in some instances. 

On three different occasions data were recorded regarding the reduction of 
the body temperatures of lesser scaups suffering from exposure induced by oil. In 
all three instances the oils were not highly viscous. The first occasion was after 
an oil flow had slightly wetted 28 scaups the night of April 3, 1953. The body tem- 
peratures of the 28 ranged from 100° to 108°F and averaged 105.7°F, about 1-1/2 
hours after the birds were taken from the live-traps. After approximately 24 hours 
of drying and warming in our field laboratory, temperatures were found to range 
from 104° to 110°F, and to average 107.0°F. Wetmore (1921) found an average 
body temperature of 106.4°F and a range of 104.8° to 107.7°F for ten normal les- 
ser scaups. 

On the second occasion, seven very oily and wet lesser scaups were taken 
from the traps on April 6, 1953. Their temperatures were recorded within 1/2 
hour. The average was 99.4°F, range 90° to 107°F. About 17 hours later their av- 
erage temperature was 106.4°F, and the range was 105° to 108°F. 

An oil flow the night of April 23, 1953, provided two ducks with extremely 
low temperatures. When taken from the traps these lesser scaups were very oily 
and completely water soaked. They were trembling violently and were incapable of 
coordinated movement. About 1/2 hour after removal from the traps their temper- 
atures were 70° and 75°F. Six hours later, after warming and drying in the labora- 
tory, temperatures had risen to 104°F each and they appeared normal in all re- 
spects, except for being a bit oily. 

Several conclusions may be drawn from the temperature data. The loss of 
body heat varied directly with the amount of oil on the plumage and wetting of the 
plumage. Light viscosity oils are dangerous to waterfowl health. If they can reach 
a place to rest and obtain shelter (warmth), many oily ducks may recover. But, 
during winter shelter is not likely to be attained. 

It should not be construed from the preceding discussion that losses due to 
oil in the area studied have occurred only among ducks confined in some manner. 
As cited before, Miller and Whitlock (1948) estimated a total mortality of 10,000 
ducks on the Detroit River in 1948. They pointed to oil pollution as one of the im- 
portant causes of this loss. During my investigations, a considerable proportion of 
the ducks found dead had oil on them, Table 2. 
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Table 2. Incidence of Oil Contaminated Ducks Found Dead on 
Lower Detroit River for Period January 1, 1949, 
Through March 6, 1955 


Number Number Per Cent 
Species Examined Oily Oily 
Black Duck 28 9 32.2 
Canvasback 1,089 385 35.4 
Lesser Scaup 996 555 55.7 
Redhead 60 _8 13.3 
TOTALS 2,173 957 44.0 


Just how great a proportion of the oily dead ducks actually died as a result 
of the effects of oil is not known. There was no way of determining whether a bird 
was oiled before or after dying. 

What proportion was diseased and then was finished off by oil is not known. 
The data from 184 ducks which were thoroughly necropsied will serve as a guide 
in the assignment of percentages. Table 3 contains the summarized information. 
In order to clarify, I should state that a complex of waterfowl health conditions 
was investigated in the lower Detroit River. This was necessary in order to as- 
sess the effect which any one factor might have on the losses of ducks. Disease, 
as I use it here, means any abnormal condition of a duck. 

The diseases included in ‘‘Other Disease’”’ in Table 3 are: lead poisoning, 
aspergillosis, coccidiosis-enteritis, heavy helminth infestation, starvation, phos- 
phorus poisoning (occurred during the first two months of 1948), pneumonia, bloody 
respiratory tract, mechanical injury, proventriculitis, tumor, and unknown pathol- 
ogy. No single cause for death could be assigned to ducks placed in the ‘‘Oily and 
Starved,’’ and ‘‘Oily and Other Disease’’ categories. 


Table 3. Causes of Death as Deduced from Detailed Necropsy Records 
for Ducks Found Dead During Period January, 1948, 
through March, 1955, on Lower Detroit River 


Mortality in Per Cent 


Number Other Oily & Oily & 
Duck Species Examined Starved Oily Disease Starved Other Disease 
Canvasback it} 44.1 1.8 25.2 22.6 6.3 
Lesser Scaup 56 30.4 23.2 30.4 10.7 5.3 
Miscellaneous 17 17.6 5.9 58.9 17.6 0.0 
TOTALS 184 37.5 8.7 29.9 18.5 5.4 


The data in Table 3 indicate that 8.7 per cent died from oil alone and that an ' 
additional 23.9 per cent died from other causes and oil. The average of losses due 
to oil lies somewhere between 8.7 per cent and 32.6 per cent. The average approx- 
imates 21 per cent; it is the average of data for seven winters (1949-1955) during 
which 2,173 ducks were examined in the field and apparent deaths due to oil were 
recorded. 


Information was obtained in the lower Detroit River regarding the effects of 
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external oil on free-flying ducks. Comparative weight data are presented in Table 
4, which shows changes in body weights for ‘‘repeat’’ ducks. ‘‘Repeats’’ are spe- 
cific individuals which were retrapped within 90 days after original banding. 

The only data used in Table 4 were those in which ten, or more, individuals 
occurred as ‘‘repeats’’ in one particular winter, or spring. Thus, the data are 
comparable. Using the system of comparing the pairs of data in Table 4 (there are 
six pairs; eg., black duck, males, oily: 90 per cent; black duck, males, clean: 93.7 


per cent) it was found that in all six pairs the oily ducks had lost more weight than 
the clean ducks. 


Table 4. Weight Changes in Oily and Clean, Free-Flying, 
Repeat Ducks from Lower Detroit River 










Oily When First Banded 


First Last Per Cent First Last Per Cent 
Number Weight Weight of First | Number Weight Weight of First 
Species | Sex |Weighed Ounces Ounces Weight |Weighed Ounces Ounces Weight 


Period December 18, 1950, through March 6, 1951 


Clean When First Banded 





Black M 14 52.6 47.3 90.0 517 48.5 45.0 93.7 
Duck F 11 42.6 37.8 88.8 165 42.2 39.9 94.5 
Lesser nun 10 26.3 25.5 97.0 361 26.6 25.9 97.5 
Scaup 


Period December 19, 1951, through April 23, 1952 


on 6 27.2 23.8 87.5 284 27.0 26.1 96.7 
Scaup 
Period December 29, 1952, through April 24, 1953 
Lesser M 19 25.8 23.6 91.5 160 27.1 25.6 94.5 
Scaup F 11 25.3 23.8 94.1 55 24.3 23.3 95.9 
Weighted Average % of First Weight 91.4 95.4 





Therefore, since (1/ 6)® equals 1/64, it is shown that the loss of weight of oily ducks 
is statistically very significant when compared to the loss of weight of clean ones.* 
Since body weight and its changes are a measure of health, one can conclude that a 
duck exposed to oil suffers a reduction in its well-being. 

Data regarding the longevity of ducks subjected to oil pollution shed further 
light on its deleterious effects on waterfowl. During the period of study, a consid- 
erable number of live-trapped black ducks, canvasbacks, scaups, and redheads, 
which were contaminated to varying degrees with oil, recuperated sufficiently to be 
banded and released. Sixty-eight were recovered at a later time. The majority 
(45) had been fluoroscoped before being freed. A large number of oil-free ducks 
were banded and released during the same period. Recovery of 1,219, all of which 
had been fluoroscoped at the time of capture, was made at a later date. Table 5 
shows the comparative longevity of the oily and non-oily groups. The length of time 


*Dr. Frederick E, Smith, Zoology Professor, The University of Michigan, kindly suggested 
this analysis. 
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that individual ducks lived after being banded until they were recovered, dead or 
alive, was used to calculate average longevity. 


Table 5. Comparative Longevity of the Four Duck Species as Determined 
from all Data Available as of August, 1955, for the 
Period March, 1949, through March, 1955 











Number Average Longevity 
Conditions Examined in Years 

Oily, with body shot 9 0.77 
No oil, with body shot 171 1.50 
Oily, with ingested shot +t 0.75 
No oil, with ingested shot 50 1.42 
Oily, no shot 32 0.89 
No oil, no shot 998 1.42 
Oily, not fluoroscoped _23 0.65 
TOTALS: OILY 68 0.78 

NO OIL 1,219 1.43 


From the data in Table 5, it is apparent that oil contamination decreases 
considerably the life-expectancy of a duck. This is true regardless of whether or 
not body shot or ingested shot is present. The oily ducks which contained body 
shot lived only 51 per cent as long as the oil-free group with body shot. The oily 
ducks which contained ingested shot lived 53 per cent as long as oil-free ducks 
with ingested shot. The oily ones with no shot lived 63 per cent as long as the oil- 
free ducks with no shot. The weighted-average longevity of all oily ducks was 54.5 
per cent of that of oil-free ducks. 

Ripley (1942) expressed the opinion that once a waterbird is subjected to a 
petroleum material it has little chance to survive. The Detroit River data do in- 
dicate a grim situation, but it should be pointed out that some individuals lived 
more than two years after being contaminated with oil. 

Oil pollution is a problem in seasons other than winter. An aerial census 
of waterfowl was conducted on October 27, 1952, during which a large number of 
scaups were seen on western Lake Erie. The flocks extended from the southern- 
most part of the area studied nearly to Toledo, Ohio. It was learned later that the 
day after the census a number of oily ducks had been shot in the lower reaches of 
the Detroit River. A total of 1,205 ducks of many species were examined at the 
Pte. Mouillee State Game Area (Fig. 1) during the period October 30 to November 
9, 1952. Eighteen per cent had oil, of a very viscous, tar-like nature, on them. Of 
those examined the only species oiled were lesser and greater scaups. Evidence 
of this particular oil contamination had dwindled to a very low point by November 
10, 1952. On that day, a considerable flow of light oil was noted on the Detroit 
River by cooperating observers. The same day large numbers of oily ducks were 
again checked at Pte. Mouillee. This time the oil was not so viscous and could be 
termed a light oil. Canvasbacks, in minor numbers, were involved in this instance 
along with many scaups. Seven hundred seventy-two ducks were examined at Pte. 
Mouillee during the period November 10 to 19, 1952, of which 20 per cent were oily. 

It is known that many of the oily ducks shot by hunters were discarded be- 
cause of suspected poor food quality. This constituted a waste of fine meat due 
solely to oil. 
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Observations during this period showed that several hundred oily scaups 
were sitting on the barrier beach at Pte. Mouillee. It is not normal for diving ducks 
to come ashore, particularly in hunting season, in even small numbers, much less 
in the quantities seen. These ducks undoubtedly had been forced to dry land by the 
oil. 

No oily dead ducks were found during this fall period in the area studied. 
This is probably accounted for by one, or all, of three reasons: 1) persistent west- 
erly winds prevailed and would have drifted any carcasses into Canadian waters 
which were not searched, 2) many were shot before they had a chance to die from 
the effects of oil, and 3) mild temperatures prevailed reducing the chance of fatal 
exposure, or other complications, which may be ‘‘triggered’’ by oil. 


EXPERIMENTS 


A total of 11 controlled experiments were conducted during the period from 
early 1949 to mid-1953 to test the effects on ducks of externally applied oils. In 
the first three tests, two male canvasbacks each were used as experimentals and 
two as controls. Two stock tanks were partly filled with clean water and a 0.01 
mm film of SAE 10 motor oil was introduced on the surface of one. The other 
tank was kept free of oil. Two experimental ducks were placed in the tank of water 
with oil on it and two controls in the other tank for one hour each. No deleterious 
effects were noted in either case. In the next test No. 2 fuel oil was used in suffi- 
cient amount to form a film 0.01 mm thick. Exposure time was 1-1/2 hours. No 
deleterious effects were noted in experimentals or controls. In the third experi- 
ment a 0.01 mm film of Gasoil (diesel fuel) was used. Exposure time was 1-1/2 
hours. Again there were no apparent harmful effects. 

Experiment 4 was conducted as the previous three, except that the foreign 
substance introduced was a highly aromatic, oily material obtained from Monquag- 
on Creek. This stream empties into the northwest section of the area studied. 
Four canvasbacks were kept for one hour in the tank containing a 0.01 mm film of 
the substance. Four controls were kept in the clean water tank for the same pe- 
riod. All eight were retained afterwards in large, outdoor pens. Two days later 
all the ducks were placed in clean water for a time and it was learned that the oily 
birds absorbed an average of 20 grams more water than did the controls. In addi- 
tion to separating the feather barbules (photo-micrographs showed this), thus al- 
lowing greater wetting, the oily substance was somewhat toxic, because two of the 
experimentals died on the second day after exposure and another on the ninth day. 
The remaining test duck lost weight for two weeks but in due time regained the 
loss and survived. None of the controls exhibited harmful effects. 

Experiment 5 was carried out with No. 5 fuel oil, a heavy commercial type. 
Two canvasbacks and two redheads were placed and retained for an hour in a 0.01 
mm film of the oil. Controls were used as before. The exposed ducks were found 
to absorb more water than the controls at a later time and the experimentals lost 
weight for a week. The controls did not lose weight. No other ill effects were 
noted. 

In Experiment 6, four white Pekin ducks each were used as experimentals 
and controls. The same procedure was employed as before with a 0.01 mm film 
of pure mineral oil (such as is consumed by humans) on the water surface of one 
tank. Both groups of ducks were kept in the vats one hour, after which they were 
confined in small individual pens. Each duck was observed and weighed periodical- 
ly for 28 days. The experimentals lost weight steadily for two weeks; 305 to 400 
grams each were lost by the end of that time. The controls, too, showed a steady 








20 GEORGE S. HUNT 


decrease in weight but had lost only 175 to 290 grams each at the end of two weeks. 
The experimentals continued to lose weight during the third week but regained some 
in the fourth week. During the third and fourth weeks, the weights of the control 
group remained about the same, varying less than 25 grams. At the end of the four 
weeks both groups had lost about the same proportion of their original weights. The 
conclusion drawn from this test was that even a pure mineral oil would be a hazard 
to the life of an otherwise healthy duck if it had to contend with rigorous winter 
weather and reduced availability of food. 

For Experiment 7 one Pekin duck was used. It was kept for an hour in a 
tank with a 0.027 mm film of No. 5 black fuel oil on the water surface. About 5 ml 
of oil clung to the duck’s feathers and 3/4 of the surface feathers were coated. Ex- 
amination showed that the oil had not penetrated the down to come into contact with 
the skin. After exposure to the oil the duck was put into a large outdoor pen with 
three controls. Frequent observations of the experimental duck disclosed that it 
spent considerably more time preening and less time feeding, than did the controls. 
Within two weeks the oily duck had cleaned itself to the extent that it could not be 
distinguished from the others except by leg bands. The oily duck lost 125 grams 
(5 per cent of its original weight) within four days after exposure to oil. Later, the 
trend in weight loss was reversed and by the eleventh day the duck weighed the same 
as originally. The conclusion reached was that proportionately much time was spent 
preening and little time was spent feeding during the early part of the test. This 
resulted in an initial rapid weight loss which could prove hazardous during winter. 

Three more experiments were conducted in the general manner already de- 
scribed. Two wild mallards were exposed to a 0.067 mm thick film of No. 2 light 
fuel oil on clean water for 30 minutes in Experiment 8. Two more wild mallards 
were placed in a tank of clean water for 30 minutes with a 0.135 mm film of No. 2 
light fuel oil on it in Experiment 9. Two other wild mallards were kept for 30 min- 
utes in a vat with a 0.135 mm film of No. 6 heavy fuel oil on the water in Experi- 
ment 10. Four wild mallards were used as controls, two of which were placed in 
clean water for 30 minutes, and two of which were simply weighed and then put into 
a large, outdoor pen provided with flowing water along with the other eight mallards. 
The experimentals, and the two controls placed in clean water, were weighed before 


Table 6. Body Weight Data in Grams for Ducks Used 
in Experiments 8, 9, and 10 


Weight Per Cent of 
Pre-exposure Post-exposure 30 Days Original 
Group Weight Weight Later Weight 
Dry 1175 ---- 1160 98.7 
Controls 1410 ---- 1260 89.3 
Wet 1135 1150 1175 103.4 
Controls 1290 1315 1220 94.5 
0.067 mm. 1180 1240 1130 95.7 
film of 1270 1380 1120 88.2 
No. 2 oil 
0.135 mm. 1490 1570 1475 99.0 
film of 1330 1375 1290 97.0 
No. 2 oil 
0.135 mm. 1370 1430 1140 83.2 
filmof -: 1430 1520 830 58.0 (died) 


No. 6 oil 
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the test and, again, immediately after being taken from the liquids. None was 
weighed until 30 days later in order to minimize weight losses due to disturbance. 
The weight changes are in Table 6. 

All three groups subjected to oil were heavier (therefore, wetter) when 
taken from their ‘‘baths’’ than were the controls placed in clean water. Periodic 
observations showed that from the very start the four ducks placed in No. 2 light 
fuel oil could not be distinguished from the controls (except by leg bands), either by 
appearance or by behavior. Of the two subjected to No. 6 heavy fuel oil, one re- 
mained incapable of flight for 13 days and the other died after 36 days without re- 
covering the power of flight, nor did it completely clean the oil from its plumage. 
Average relative weight losses were insignificant (in the statistical sense) in the 
controls and the two groups exposed to light fuel oil, but were significant in the 
ducks exposed to heavy oil. Necropsy of the one that died revealed no pathology. 

It was very emaciated, the feathers were matted, and a two-inch diameter patch on 
the breast had been plucked clean of feathers by the bird’s preening activities. The 
conclusions were: 1) light fuel oils were not dangerous even though air tempera- 
tures were below freezing and neared zero (F.) for six of the first 10 days of the 
test, 2) heavy oils rendered ducks flightless for at least a time, and 3) much time 
was spent preening and little time was devoted to eating. Inability to fly and re- 
duced eating would lower a duck’s chances of survival, particularly in winter. 

It should be pointed out, however, that light fuel oil has caused the demise 
of many ducks. The loss of 99 ducks in February, 1949, due to an accidental fuel 
oil leak and the losses in live-traps, some of which were due to light oils, substan- 
tiate the foregoing statement. In addition there was a loss of several domestic 
ducks in Swan Creek, Monroe County, Michigan, during January, 1953, when a pipe- 
line burst upstream releasing No. 2 light fuel oil. Possibly the exposure time of 30 
minutes in Experiments 8 and 9 was insufficient to cause distress. 

In Experiment 11 two white Pekin ducks were used. They were confined in 
a floating pen (dimensions: 5x2x3 feet) which was anchored in the Detroit River 
during a flow of oil which I described subjectively as ‘‘a medium amount of light 
viscosity oil with scattered globules of greasy consistency.’’ The river was calm 
and both water and oil flowed freely through the pen. Oil began accumulating on 
the ducks as soon as they were placed in the water. Within one hour, wetting of the 
feathers became noticeable. At the end of three hours and ten minutes both ducks 
were quite oily and were becoming wet into the down. Both were resting visibly 
deeper in the water than when put into the pen. Quantities of oil were found in the 
mouths of the two Pekins due to their feeding and preening activities. They were 
not sacrificed, so, it is not known if oil was ingested. Had there been wave action, 
wetting and water-logging would have occurred more quickly. The conclusion was 
that one hour, or less, depending on roughness of the water, is sufficient to cause 
wetting of plumage when ducks are confined in an oil flow. 

Two experiments were conducted to determine the effects of ingested oil on 
ducks. The first (Experiment 12) of these tests employed seven canvasbacks, four 
of which received 1.2 ml of No. 2 fuel oil once. The oil was administered orally in 
gelatin capsules. Three canvasbacks were retained as controls. All the ducks 
were observed in their large, outdoor pen for a period of 39 days during May and 
June, 1953, when daytime air temperatures ranged from 70° to 80°F. All were 
weighed and examined at four to six day intervals. There was a weight loss for the 
first three weeks in both groups, but there was no consistent pattern to the weight 
reductions. An increase in weight occurred in most individuals from the fourth 
week until termination of the experiment. Reactions, coordinations, body tempera- 
tures (cloacal), and general appearances in both groups were normal throughout 
the test. Two ducks died from causes not related to the experiment, one from the 
experimental group and one from the control. Table 7 contains the pertinent weight 
data for this experiment. 


The results of this test indicate that the dosage was not harmful. Calcula- 
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tions from the tabular information show that it does not matter whether the two 
ducks which died are included in an assessment of weight changes. In either case 
the experimentals exhibited less change, on the average and in the extremes, than 
did the controls. The fact that no abnormalities occurred in reactions, body tem- 
peratures, etc., also indicates no detectable deleterious effects from the oil. 


Table 7. Body Weights in Ounces for Canvasbacks of Experiment 12 











Original Last 
Group Weight Weight Remarks 

No. 2 fuel 34.0 25.0 Died 
oil administered 33.0 37.0 
37.0 36.5 
33.0 31.0 
Controls 36.0 34.0 
35.0 35.0 

33.0 20.0 Died 





A second experiment (No. 13) was conducted during May and June, 1954, to 
test further the effects of ingested No. 2 fuel oil. In this case ten lesser scaups 
were employed, five of which were administered 2.4 ml of the oil in gelatin cap- 
sules at one time and five of which served as controls. All were kept in a large, 
outdoor pen; daytime air temperatures ranged from 70° to 80°F; observations 
were made frequently; weights and examinations were done at weekly intervals. 


The experiment was continued for 31 days. The weight data are presented in Table 
8. 


Table 8. Body Weights in Ounces for Lesser Scaups of Experiment 13 


Original Last 
Group Weight Weight 

No. 2 fuel 28.0 21.0 
oil administered 24.0 20.0 
28.5 22.0 

28.0 22.0 

27.0 21.0 

Average 27.1 21.2 
Controls 27.0 23.0 
28.0 24.0 

26.0 21.5 

25.0 22.0 

26.0 22.5 

Average 26.4 22.6 


The results indicate that a 2.4 ml oil dosage is harmful to scaups. The 
amount of oil administered in Experiment 13 is actually more than double that 
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used in Experiment 12, if calculated on the unit weight of the ducks used. Body 
weights of the experimental scaups showed both a greater relative and a greater 
absolute loss on the average, and in the extremes, than did the controls. The ducks 
that ingested oil exhibited a rather rapid deterioration in reactions to stimuli and a 
reduction in muscular coordination. These changes did not occur in the control 
group. Had the ducks ingested this quantity of oil during severe winter weather in 
the lower Detroit River, and been faced with a probable reduction in available food, 


they surely would have been affected more seriously and quite possibly would have 
died. 


REDUCING LOSSES DUE TO OIL POLLUTION 


One method of reducing losses would be to clean the pollutant from oily 
ducks. Such ducks would first have to be captured, then, after cleaning, they would 
have to be housed and fed for several weeks, or months, to restore natural oils to 
their plumage before release would be safe. Obviously, when scores to hundreds 
of ducks are involved, such treatment is not economically sensible. 

The possibility exists of placing a large oil skimming device across the 
Trenton Channel near the north end of Grosse Ile (Fig. 1). It would be used only 
during critical ice periods. Such a device would presumably protect the wintering 
ducks from oil because few waterfowl use the area north of Grosse Ile, few sources 
of oil pollution are below that point at present, and the waters east of Grosse Ile 
are frozen during critical ice periods. However, the Trenton Channel is used for 
navigation and a skimmer would constitute a hazard to navigation. Floating ice 
would pose a serious problem to the maintenance of the device. Too, ducks are al- 
most as likely to contact oil when the area studied is free of ice as when ice is 
present. Therefore, a skimmer across only a portion of the river would not elimi- 
nate losses. 

The problem of maintaining a skimming device across the entire river 
somewhat north of Grosse Ile would compound the objections to it and add greatly 
to the cost. In addition, it would be necessary to establish the skimmer well up- 
stream from Grosse Ile in order to span the entire river (without constructing a 
device a mile, or more, in length). Many sources of possible oil pollution would 
be downstream from the device. Thus, it would be useless. 

A suggestion was made several years ago by non-project personnel. It was 
proposed that hunting seasons be extended well into the winter in order to force the 
ducks from the area. However, Michigan’s waterfowl season must conform to fed- 
eral regulations which in essence would not permit so late a season. My observa- 
tions during the mid-1950’s, when two waterfowl seasons did not end until Decem- 
ber 9, indicated that late hunting seasons have little effect on the size of the duck 
population wintering in the area. 

Another possibility of reducing wintering duck numbers consists of fright- 
ening them from the area as soon as the first critical ice conditions occur. During 
the period of this study, critical ice conditions first appeared after hunting had 
ceased in the states immediately to the south of Michigan. Hence, the ducks would 
not return here seeking refuge from the gunners to the south, but could fly on south 
once having been herded from Grosse Ile waters. 

Many frightening devices have been developed and are reported in the liter- 
ature. Firing guns and various pyrotechnics have been mentioned by several writ- 
ers (Day 1949:210; Fredine and Bell 1938; Fried 1941; Jordan and Bellrose 1951:25; 
Kalmbach 1935; Neff and Mitchell 1955; Wagar 1946; Wright 1910:402) as being 
successful in moving ducks from an area. A considerable variety of metal reflec- 
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tors, beacons, and scarecrows have been described as successful (Day 1949:210; 
Hochbaum, Dillon, and Howard 1954:180; Imler 1944; Kalmbach 1935; King 1953; 
McClure 1956; Uhler and Creech 1939). In recent years airplane ‘‘herding’’ has 
been quite successful, according to Day (1949:210), Horn (1949:583-584), Rosen and 
Bischoff (1953:195), and Wagar (1946). At times various combinations of the three 
main techniques have been used. 

It would not be possible to use reflectors, scarecrows, ‘‘rope firecrackers,’’ 
or beacons in the areal studied. All require rather close spacing and suspension 
in the air to be effective. Because the area studied is large, has broad expanses 
and considerable depths of water, it would be impractical to secure, place, and 
maintain sufficient poles to serve as suspending agents. 

A distinct possibility would be to use several boats, and when critical ice 
conditions occurred, to roam the open water firing blanks from shotguns, Very 
pistol flares, roman candles, and such devices, as a boat approached a flock at high 
speed. Firing aerial bombs (such as those used for Independence Day celebrations) 
from shore areas, in conjunction with the boat activities, should assist in causing 
the ducks to vacate. The literature indicates that three or four days of such fright- 
ening for a period of two to four hours each day causes waterfowl to leave and not 
return that same season. 

An effective system might be to fire Very pistol flares from a light airplane. 
While a single ‘‘pass’’ with an aircraft over a flock of waterfowl simply causes 
them to rise from the water and resettle as the plane goes on, several flights over 
them, with flares going off, should move them effectively. Then, by ‘‘herding’’ 
them off in the desired direction for a time they should keep going. Horn (1949:583- 
584) has stated that many thousands of ducks can be ‘‘herded’’ in this manner by 
one aircraft and that two flights daily for three or four days will banish them from 
a 5,000 to 15,000 acre area. The cost should not be excessive because two hours 
each day for four days would not exceed $200. 

The most reasonable manner to reduce duck losses due to oil pollution is to 
require that such pollutants do not reach the Detroit River. To the best of my 
knowledge, all the major sources of oil pollution which affect the area, excluding 
Canada, have either completed proper disposal facilities or are in the process of 
constructing them. However, one should keep in mind that the data of Table 1 do 
not indicate any reduction in the frequency of oil flows on the lower Detroit River. 
The losses in March and April, 1960, also indicate a continuing hazard. As new 
industrial facilities are built on the river, each should incorporate proper pollution 
disposal units. 

Prevention of oil pollution must become the rule instead of the exception. A 
system to apprehend polluters has been established recently. The system must be 
continued and anti-pollution laws must be strictly enforced. 


SUMMARY 


A considerable number of deaths have occurred among wintering and mi- 
grating waterfowl on the lower Detroit River during the past 10 to 15 years. The 
most recent instance was in the spring of 1960. 

The causes of duck mortality were investigated from 1948 to 1956 under a 
Federal Aid in Wildlife Restoration Project, W-45-R. Oil pollution was found to be 
among the factors which caused the demise of waterfowl in the area studied. 

Ducks were live-trapped and banded in order to obtain information regard- 
ing their health, and in order to assess changes in their condition when they were 
later recovered or retrapped. All ducks which were found dead in the area studied 
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were retrieved in order to determine the cause of death. More than 2,000 dead 
ducks were examined in the field and 184 were necropsied in the laboratory. Oils, 
both natural and pollutant types, were extracted from the feathers of a number of 
dead ducks in order to learn how much oil was present, its viscosity, and whether 
additives were present. 

Eleven experiments were conducted to test the effects on living ducks of 
externally applied oils, and two to determine the effects of ingested oils. Cloagal 
temperatures of 37 lesser scaups were taken in order to assess the effect of oil on 
body heat loss. Data were compiled regarding the frequency of oil flows in the 
area. The effects of oil on ducks confined in live-traps in the Detroit River and in 
an outdoor pen at Lansing were studied. 

Waterfowl losses due to oil lay between 9 and 33 per cent of the total mor- 
tality during the period of study. Based on the field examination of 2,173 dead 
ducks during seven winters, the average loss due to oil approximated 21 per cent. 

There was no decrease in the frequency of oil flows during the period of 
study. Oil was noted on the river 163 days of the 475 days that observations were 
made. 

The observational data showed that oils applied externally were detrimental 
to waterfowl regardless of viscosity, type, or purity, especially in winter. The re- 
sults of the experiments were less conclusive, partly due, no doubt, to the fact that 
the ducks received some measure of shelter and always had ample food provided 
for them. I am convinced that the more oil that adheres to a bird and the longer 
the bird is exposed, the less chance there is for survival. Less than one gram of 
oil on a scaup has caused death from exposure or drowning. The body tempera- 
tures of ducks varied inversely to the degree of oiling and wetting. Oily ducks lost 
more weight than did clean ducks, and the average longevity of oily ducks was 55 
per cent of that of ducks free of oil. The substances in certain aromatic oils ap- 
pear to be toxic to ducks, because three experimentals died two to nine days after 
one hour of external exposure to the material. Lesser scaups’ coordination and 
reactions to stimuli were reduced and they lost weight after the forced ingestion of 
2.4 ml of No. 2 fuel oil per duck. Hunters tended to discard oily ducks during the 
one hunting season that considerable numbers of diving ducks were contaminated 
by oils. 

A number of ways are suggested to reduce the losses of waterfowl due to 
oil pollution. Most of them do not appear feasible for one reason or another. The 
use of boats, aircraft, loud noises, and flares to frighten the ducks from the danger 
area is probably workable. The most sensible way to pare oil induced mortality is 
to reduce drastically the amount and frequency of oil flows. 
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INTRODUCTION 


Chemical processes in the Great Lakes are probably less clearly under- 
stood than chemical processes in the oceans. Because Lake Erie has shown many 
biological changes in the past half century and these changes may reflect chemical 
changes, two synoptic cruises were planned to obtain virtually complete chemical 
data both in area and depth. 

One might suspect that bottom sediments are important in determining 
chemical concentrations. Further, Lake Erie is small in volume, borders on large 
population areas, and therefore pollution (chemical contributions other than from 
nature) effects, if present, should be readily detectable. The river-like nature of 
Lake Erie should also aid in flushing chemical constituents that are not fixed bio- 
logically or in sediments, and indirectly chemical processes could be discerned by 
elimination. 

The program could not have been accomplished without physical and finan- 
cial aid. I acknowledge the assistance of the Great Lakes Institute, University of 
Toronto, Captain Hodge and the crew of the research ship, Pte. Dauphine, and 
Mssrs. Feenstra, McGrath, Sass, Nunan, Benson, Haydon, Browne, Olgetree, John- 
son, and Miller who aided in analytical work on board ship and/or in the geochemi- 
cal laboratory at University of Western Ontario. Financial assistance originated 


from John Labatt Ltd., and other grants from NRC-Canada covered the majority of 
the expenses. 


CRUISES 


Two synoptic cruises of Lake Erie were carried out during the weeks of 

July 25-29 and October 25-29. Stations were equally spread through the lake (Fig. 
1), and samples were taken at depth as well as on the surface. The weather during 
the week of July 25-29 was almost a perfect calm, with an average water tempera- 
ture of 20°C (data courtesy G. K. Rodgers). The cruise of October 25-29 was ac- 
companied by strong westerly winds of 20-45 mph the first half of the cruise (Oc- 
tober 25-27), and the latter half of the cruise was characterized by light winds or 
flat calm. The average water temperature was 14°C. 


ANALYTICAL PROCEDURES 


Water samples were analyzed for pH, Eh, Oz, alkalinity, Na’, K*, Cat+, 
Mgt+, Cl, and SOZ. pH and Eh as well as the general clay mineralogy were deter- 
mined on bottom specimens. pH, Eh, O2, temperature and alkalinity determinations 
were done immediately upon receipt of sample, and the other parameters were de- 
termined on shore. 

A leucite sampler (modified from Van Dorn 1956) of approximately one gal- 
lon capacity was used for all water samples, and a bronze clam snapper (Sverdrup 
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LAKE ERIE: CRUISE E-60-2 ‘ 
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Fig. la. Station locations, cruise of July 25-29, 1961. Blackened areas 
designate dumping grounds. 


LAKE ERIE: CRUISE E-60-8 
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Fig. 1b. Station locations, cruise of October 25-29, 1961. Blackened 
-areas designate dumping grounds. 
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et al. 1942, p 345) was used 
for bottom samples. After in- 
itial analysis on board ship, 
water samples were stored in 
8 oz polyethylene bottles, and 
were capped, for further anal- 
ysis. Bottom samples were 
stored in ice box containers 
that were fitted with lids. All 
bottom samples were covered 
with argon before sealing; 
upon arrival in port, the bot- 
tom samples were frozen and 
remained in this condition 
until time of analysis. 


SHIPBOARD ANALYSES 


PH and Eh for the 
most part were determined 


A B 


C DE FE ~ 





Fig. 2. In situ Eh-pH profiler. (A)—cable connector, 
showing screw cap, compression ring, and ‘‘O”’ ring. 
(B)—upper housing showing binding posts on inner face. 
(C)—main housing with room for silica gel drying packs. 
(D)—thermister probe. (£)—platinum electrode with 
screw cap removed. Compression ring and ‘‘O’’ ring 
visible. (F)—glass electrode. (G)—Side-arm fill ref- 
erence electrode. Gum rubber tubing not attached. 
(H)—electrode guard. Scale is 6 inches long. 


with a Beckman G meter fit- 
ted with Beckman external 


electrodes. The pH and Eh were determined on bottom samples by imbedding the 
electrodes deeply into a large mass of the clay sediment. Some of the later deter- 
minations were made using a Phillips PR-9400 with Ingold external electrodes. 

A few of the determinations were made in situ with a stainless steel probe 
(Fig. 2) fitted with Beckman side arm reference electrode (#19603), high pressure 
glass electrode (#40471), and #39273 platinum electrode and a Veco thermistor. 
Electrical connections were made with the ship through shielded conductor cable 
(Beckman #3853). Pressure balancing for proper operation of the electrode is ac- 
complished by attachment of a gum rubber tubing to the side-arm of the electrode 
and completely filling the electrode and tubing with concentrated (but not saturated) 
KCl. Saturated KCl supersaturates at low temperatures, crystallizes and clogs the 
fiber of the reference electrode. 

Readings were made manually on board ship and were found to be within the 
tolerance of the Beckman G (+ 0.02 pH etc.). After further alterations and additions 
are made to the probe (K electrode, Na electrode, pressure transducer, and conduc- 
tivity cell), an x-y recorder will be attached for recording. 


Alkalinity. The (carbonate) alkalinity was determined on a 10 ml sample of 
water using 5 ml of 0.01N HCl, and recording pH before and after addition of the 
acid.* 

The determination of alkalinity is based upon summing hydrogen atoms be- 
fore and after addition of acid. The difference in the results is the number of 
atoms of hydrogen attached to weakly dissociated ions (e.g. alkalinity). 


*It is assumed in the following discussion that carbonate species make up the majority of 
partially dissociated salts, and therefore alkalinity can be called carbonate alkalinity. Other 


constituents that probably add to the alkalinity are species of phosphates, sulfides, and sili- 
cates. 
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If Vg = volume sample taken (ml) 
Va = volume acid taken (ml) of N normality 
(Hj) = initial hydrogen ion concentration 
(Hg) = hydrogen ion concentration after addition of acid 


The equivalents of free hydrogen ions after addition of acid are: 
(Hy) (V, + Va)/1000 (1) 


Had no hydrogen ions reacted, the final number of hydrogen equivalents 
should have been the original hydrogen present plus the amount added: 





(H,) V,/1000 + NV,4/1000 (2) 
or the alkalinity is the difference between (2) and (1) divided by the original volume: 
(Hj) Vg + NVa - (Hf) (Vs + Va) equiv. (3) 

Vs liter 


Five ml of acid give a resultant pH of 3 - 3.5, at which point the only species of im- 
portance of the carbonate group is H2CO; or COz. Further examination of expres- 
sion (3) shows that (Hj) V, is negligible for a pH greater than 6. No pH’s below 6 
were encountered in Lake Erie water. Therefore the final form of the alkalinity 
becomes: 
NVA - H¢(Vg + Va) 
Carbonate Alk. = —————_—————_- (4) 
Vs 
or using specific values: 
= 5x 107° - 1.5 (He) 


Dissolved Oxygen. Dissolved oxygen was determined volumetrically by the 
standard Winkler method. Mr. Aesma, senior technician on board the Porte Dau- 
phine, constructed a rapid and semi-automatic train of glassware for the procedure. 
Sample bottles were flushed with helium (or nitrogen) before the water sample was 
added. 


LABORATORY ANALYSIS 


Calcium and Magnesium. Calcium was determined by titrating 10 ml of 
sample at pH 12 with approximately 3 x 10°? equiv/L cyclohexendiametetraacetate 
(CDTA) using CalVer II (Hach Chemical Co., Ames, Iowa) as indicator. Reproduci- 
bility (2c) is 0.66%. Magnesium was determined by titrating a 10 ml sample buf- 
fered at pH 9.7 with ammonium hydroxide and ammonium chloride with CDTA and 
using EBT as indicator. Since the latter analysis determines calcium and magne- 
sium, magnesium is determined by subtracting the result of the former analysis 
from the result of this analysis. Reproducibility (2c) for the latter analysis (Ca + 
Mg, but not Mg) is 0.097%. 


Chloride. Chloride was determined by titrating a 10 ml sample with approx- 
imately 3 x 10 *N Hg(NOs)2 at pH 4 using diphenylcarbazone-bromphenolblue as in- 
dicator. Reproducibility (2c) is 2%. 


Sulfate. Sulfate was determined colorimetrically by adding barium chloran- 
ilate to a 4 ml sample that had previously been passed through a cation exchange 


i 
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column. The 4 ml sample is diluted to 10 ml with ph 4 HCl and buffer before addi- 
tion of chloranilate. Color density is measured at 530 mu using a Beckman B 
spectrophotometer. Reproducibility is good (20 = 1%), but the method has a low 
sensitivity. An alternate method is to add an excess of standardized solution of 
barium chloride to 10 ml of sample; the specimen is centrifuged, and an aliquot of 
the clear solution is titrated for barium. This method is still being tested, 


Sodium and Potassium. Both cations were determined using a flame attach- 
ment to Beckman B spectrophotometer. All samples were filtered before being ex- 


cited, and a standard was run after every unknown. Reproducibility (2c) is 1% for 
both determinations. 


Bottom Sediments. Random samples of the bottom sediments (omitting 
sands) were X-rayed to determine the clay mineralogy. Quartz was present in all 
samples (generally in minor amounts); the predominant clay mineral was montmor- 
illonite with kaolinite being second in importance. The montmorillonite was nearly 
totally expanded; untreated specimens produced peaks at 7-11°2@ with Cu radiation. 
All bottom sediments high in clay material were positive to tests for sulfide ion. 
All clay vottom sediments are high in carbonaceous content. Combustion at 750°C 
and loss by weight indicated a maximum of almost 35% carbon content, and some 
clay sediments contained less than 5% carbon content. 


Reproducibility. Reproducibility has been noted for each analytical proce- 
dure outlined above. An independent check on any one water sample may be ob- 
tained by comparing equivalents of positive ions to equivalents of negative ions. 
This procedure assumes that all the ions of major concentration are considered. 
Most analyses check out favorably with respect to electroneutrality. The average 
deviation from electroneutrality is 1.5% of one-half the total equivalents of ions in 
solution. The maximum deviation on any one sample exceeds 10%, suggesting either 
faulty analytical work or incorrect definition of the major ions in solution. 

Since large deviations occur almost exclusively in bottom water samples, 
ions not considered in this study may be locally important. 


ANALYTICAL RESULTS 
GENERAL 


The averages of constituents examined and one standard deviation for both 
cruises are: 


Cruise E-60-2 
K+ (ppm) Na+ (ppm) Ca++ (ppm) Mg++ (ppm) H+ (equiv./L) C.Alk. (meq/ L) 
Av. 4.9 9.7 39.2 7.8 4.10 x 107° 1.91 
o 3.2 2.5 3.4 2.4 1.80 x 107” 0.14 
Cruise E-60-8 
K+ (ppm) Na+ (ppm) Ca++ (ppm) Mg++ (ppm) H+ (equiv./ L) C.Alk. (meq/ L) 
Av. 3.7 11.0 37.1 8.8 6.80 x 107° 1.92 
o 4.1 1.3 3.2 1.0 1.50 x 107° 0.15 
Cl (ppm) SOZ (ppm) 
Av. 27.0 23.9 
o 3.5 7.5 


Analytical data for both cruises are tabulated in Appendixes I and II. 
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SURFACE WATERS 


The distribution of surface sodium, potassium, magnesium, calcium, chlo- 
ride, and sulfate concentrations and ionic strength for both cruises are shown in 
Figures 3-9. Each constituent (see particularly Figs. 9a and 9b) increases in con- 
centration to the east. 

Since Lake Erie approximates a river flowing from west to east, and since 
total ions have been increasing in the lake over the past years (Ayers 1960, Fig. 6) 
one expects that bottom sediments are adding constituents to the water at a greater 
rate than they can be carried off; and therefore one should find an increasing chem- 
ical gradient from west to east (see Fig. 10). Additions to the lake (the cause for 
the gradient) can be from 1) streams, 2) sediments, 3) pollution and 4) atmos- 
phere (including evaporation loss). Category 3) is meant to include all additions 
other than due to natural processes. Probably category 1) can be neglected as a 
minor addition. 

Lake Erie averages 70 feet deep, 240 miles long, and 40 miles wide, and 
therefore approximates a very thin sheet of water. One would expect evaporation 
to be very important in concentrating chemical constituents. 

If it is assumed that evaporation is the only important concentrating proc- 
ess (all other factors are negligible), a rate of evaporation may be calculated for 
Lake Erie from data of the two cruises. For simplicity assume: 


a) the rate of evaporation is constant, and, 
b) laminar and unidirectional flow from west to east prevail in a rectangu- 
lar Lake Erie 


210 nautical miles long (L), by 36 nautical miles wide (a), by 70 feet deep (h). A 
discharge of 2 x 10° cfs would give an average velocity of 0.0135 ft/sec (V). 

Examining a cross-section at right angles to flow of Lake Erie (6) wide, by 
(h) deep, and (a) in length, the volume of water before evaporation is (had). (R), 
the rate of evaporation (cc/cm? sec) decreases the initial volume in moving dis- 
tance dx parallel to the flow by (Radédx/V), where V is the velocity of water. The 
fractional decrease in volume is: 


“¢ B ax =BE 
hv hV 
oO 
Since the original concentration, Cj, is changed only by evaporation of water, the 
concentration at any point along the lake can be deduced to be: 
Cj ( 

Tae : 

hV 


Substituting the least square fits from Figures 10b, 10c, and 10d, substituting the 
above values of L, h, V, and the initial C from the diagrams into equation (5) one 
obtains an average evaporation rate (R) of 2.3 x 10~° cc/cm? sec, within the ranges 
mentioned by Sverdrup et al. (1942, p 120 ff.). One does not conclude necessarily 
that evaporation is the only factor affecting surface water chemistry, but a) since 
all constituents increase in the direction of flow, b) there is little or no river 
drainage to change the chemistry of Lake Erie, c) and since the three values dis- 
cussed above agree in a simple model, evaporation must be one of the more im- 
portant (if not the most important) factors in concentration of surface water. Com- 
parison of rates of increase of constituents over 100 years (Ayers 1960, Fig. 6) 
shows almost identical slopes for Ca++, SOZ(?), Cl(?), Mg++, Na+ and K+ suggest- 
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LAKE ERIE: CRUISE E-60-2 
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Fig. 3a. Surface sodium distribution (ppm). 


LAKE ERIE: CRUISE E-60-8 
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Fig. 3b. Surface sodium distribution (ppm). 
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LAKE ERIE: CRUISE E-60-2 
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Fig. 4a. Surface potassium distribution (ppm). 
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Fig. 4b. Surface potassium distribution (ppm). 
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LAKE ERIE: CRUISE E-60-2 
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Fig. 5a. Surface magnesium distribution (ppm). 
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Fig. 5b. Surface magnesium distribution (ppm). 
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LAKE ERIE: CRUISE E-60-2 
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Fig. 6a. Surface calcium distribution (ppm). 
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Fig. 6b. Surface calcium distribution (ppm). 
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LAKE ERIE: CRUISE E-60-8 
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Fig. 7. Surface chloride distribution (ppm). 
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Fig. 8. Surface sulfate distribution (ppm). 
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LAKE ERIE: CRUISE E-60-2 
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Fig. 9a. Surface ionic strength distribution (x 10°) 
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' Fig. 9b. Surface ionic strength distribution (x 107) | 
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ing that a common process (evaporation) is responsible for the increase of these 
ions. In addition, an average evaporation rate may be obtained over time from 
Ayers’ compilation. Taking levels of calcium as 20 ppm in 1860, and 40 ppm in 
1960, an evaporation rate of ca. 4 x 10~" cc/cm” sec is obtained in a lake 70 feet 
deep assuming steady state conditions with respect to calcium entering and leaving 
and evaporation as the only process changing calcium concentration. This figure 
would of course include negative evaporation (e.g. rainfall, snow, etc.). 


SEDIMENT - WATER CHEMISTRY 


General. By analogy with ocean chemistry, one might expect the saturation 
of calcium carbonate to be important in determining the chemistry of Lake Erie. In 
addition, one might expect the production of COz from oxygen to be locally impor- 
tant in the pH control of the water and hence the calcite solubility. Further one 
would expect that some process similar to cation exchange in the clays might regu- 
late the concentration of large cations such as K+ and Na+. And one need only to 
dredge up one scoop of bottom sediment to realize that sulfides are an important 
species of dissolved sulfur at least along the water-sediment interface. 

Figure 11 briefly summarizes the major chemical processes going on in 
Lake Erie. Only the major constituents in solution have been considered in this 
model. The model illustrates that all the chemical reactions are dependent upon 
the hydrogen ion concentration; and dissolved oxygen may be directly related to 
other processes by the biological breakdown or formation of oxygen from carbon 
dioxide. Hence any change in an organic or inorganic process will effect all the 
processes outlined in Figure 11. 

Phosphate and silica are also related to the processes outlined in Figure 11, 
since pH is important in determining ionic species concentrations of the two con- 
stituents and hence saturation of silica and apatite. 


O2(@) CO2@) 





Fig. 11. Schematic model, major chemical processes in Lake Erie. 


| 
Magnesium has been omitted from consideration since it is not apparent 

how magnesium reacts. Dolomite [CaMg(COs)2] solubility does not control the | 
carbonate system, calcium, or magnesium. Magnesium may substitute in clay 





CHEMISTRY OF LAKE ERIE 41 


structures, but no quantitative evidence is available from this study to support the 
hypothesis. 


Clay-Hydrogen Ion- Potassium Ion. There appears to be an ion exchange re- 


action between hydrogen ion and potassium ion in the clays. Simply this reaction 
can be written: 


H-Clay + K+ = K-Clay + H+ 
where K = (#H+)/(#K+) (6) 


The mechanism by which potassium and hydrogen substitute probably in- 
volves carbonaceous material and is no doubt more complicated than pictured 
above. To test the quantitative validity of the above reactions, mixtures of bottom 
sediments were stirred in distilled water at constant temperature for three days 
(one sample for seven days). The pH was determined, the suspension was rapidly 
filtered, and the filtrate was analyzed for potassium, Seven runs were made at 
26°C and three at 15°C. Samples from stations 3, 12, 28, 33, 39, 44, 50 and 56 of 
cruise E-60-2 were used in the determination. Figure 12 shows the boundary be- 
tween the ‘‘two clays’”’ and the plot of the ratio, (H+)/(K+), for water samples of 
both cruises.* It is apparent that the water samples are saturated with respect to 
K-clay, and potassium should be entering the clay structures (reaction 6 is spon- 
taneous as written). This conclusion is in some agreement with the irregular dis- 
tribution of potassium (Fig. 4) particularly when the distribution of potassium is 
compared to the distribution of sodium (Fig. 3). High potassium values seem to 
predominate in sand areas where there is little clay to fix the potassium. 

Sodium and magnesium probably enter into clay reactions but no quantitative 
relationships could be discerned. Preliminary runs with sodium suggest that 


sodium in the aqueous phase is highly supersaturated with respect to sodium-clay 
reaction. 


Oxygen-Carbon Dioxide. Oxygen and carbon dioxide are important in bio- 
chemical and inorganic processes. Carbon dioxide reacts with protons in aqueous 
solution according to the well known reaction: 


COz2(g) = CO2(1) + H20 = mee + H* (7) 
COs +H* 


On the one hand, carbonate ion concentration is regulated by the saturation of cal- 
cium carbonate (Fig. 14), and dissolved carbon dioxide may be incorporated in vary- 
ing biological processes which often produce oxygen as an end product. The carbon 
dioxide -oxygen reaction is of course reversible in many biological processes. It 
is also important to note that the COz2 dissociation is hydrogen ion concentration 
dependent as is the case with the various reactions involving clays. It is conceiv- 
able therefore that a radical change in potassium concentration could have a pro- 
nounced effect upon the biological uptake of carbon dioxide since the reactions are 
mutually affected by hydrogen ion abundance. 

Considering the biologically important reaction: 


C + O2(1) = CO2(1) (8) 


one can estimate the local importance of this reaction in the following manner. As- 


*The potassium concentration rather than activity is used. Errors in activity coefficients are 
no doubt negligible compared to errors introduced in simplifying the reaction, 
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(A) 


(aq+)/ (Kt) 


(ay +)/(K*) 


6 10 18 20 26 
°c 
Fig. 12. H-clay and K-clay relationship as shown by com- 


parison of lake water data with laboratory equilibrium data. 
(A): cruise E-60-2. (B): cruise E-60-8. 








CHEMISTRY OF LAKE ERIE 43 


sume initially water saturated with respect to O2 and COz. Secondly assume that 
the system is closed so that any excess of one substance formed by biological proc- 
esses will not equilibrate with atmospheric conditions. The latter condition would 
be valid also if the biological formation of one substance greatly exceeded the es- 
cape velocity of the dissolved gas. It is apparent with these stipulations and from 
equation (8) that the excess molecules of one gas are equal to the deficiency of the 
other gas, or (O2)g - (Oz) = (CO2)F where (O2)g is the molar concentration of oxygen 
saturated in water at temperature, t, and atmospheric composition; (O2) is the mo- 


lar concentration of oxygen found; and (CO2)p is the molar concentration of carbon 
dioxide formed. 


Starting initially with Poco, = 4x 10-* atm, the CO, concentration is deter- 


mined from the solubility of CO2 in water (a), assuming negligible hydrolysis of 
newly formed COz2: 


(CO2); = 4 x 107* (a) 
after biological reaction: 
(COz)¢ = Pco, (a) 
or the amount of COz2 formed: 
(CO2)~ = (COz)¢ - (CO2); = (Poo, - 4x 10°“) a (9) 


and as pointed out above, the amount of CO. formed is equal to the amount of oxygen 
reacted: 


(O2)g - (O2) = (Peg, - 4x 10“) a (10) 


Oxygen analyses are usually listed as per cent saturation or (Oz) x 100/(O2)g 
with respect to the above symbols. Carbon dioxide content is not measured direct- 
ly, but carbonate alkalinity and hydrogen ion concentration are usually determined. 
If carbonate and bicarbonate ion are the only two ions that make up the alkalinity, 
we can write: 

Alkalinity = 2(CO3) + (HCO) (11) 
where ( ) are molar concentrations. 


From the dissociation of bicarbonate to carbonate ion, and from the disso- 
ciation of carbon dioxide to bicarbonate ion, we can write 


oe (2CO>) (#H+) 
(2HCO3) 
K, = (2H*) (ACOs) 
= 
(2CO2) (#H20) 


where (#x) is the activity of the constituent named and K’s are dissociation con- 


stants at temperature, t. Substituting equations (12) and (13) into (11) and introduc- 
ing activity coefficients [(#,) = f,(x)],* 


(12) 


(13) 


*The activity coefficient in weak ionic solutions may be ascertained by the Debye-Huckel expres- 


sion (e.g., Klotz 1958, p. 329), - log fx = Ate , where A and B are temperature dependent 


1+ Baj vu 
constants, z is the charge on the ion, a; is the effective diameter of the ion, and p is the ionic 


i 
strength given by py = 1/2 ’ C,Zj_ where C; is the concentration of ion of charge Zj. 
1 
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Alkalinity (#H*) 


x, |— 2m. + 2 (2H,0) 
(#H*)fco; fHco; 


Normally Pco, that would be in equilibrium with a certain alkalinity-hydrogen ion 
concentration is noted rather than (#CO2). Since the two are related by the solubil- 
ity in water of carbon dioxide (a), equation (14) becomes: 


(#COz) = (14) 





Alkalinity (aH+) 


ee (15) 
aK, oe 1 | exo 
( 





2H") fcos fHcos 
Rearranging equation (10) to fit the analytical expressions: 


(Oz)100 _ , 4x10*a 1000 
(O2)s “(as (O2)g © (16) 


or, % oxygen saturation = A - B(Pco,) at temperature t, where 








A = 100 + 4x 10°*a/(Oz)g and B = 100a/(Oz)s. 


Values of A and B for varying temperatures are: 


A B 
5°C 101 1.9 x 10° 

10° 101 1.8 

15° 101 1.7 

20° 101 1.6 

25° 101 1.5 


Figure 13 shows the variation of equilibrium Pco, and oxygen saturation. 
Figure 13(a), representing the summer cruise, shows an opposite relationship be- 
tween carbon dioxide and oxygen from what equation (16) predicts. The fall cruise 
exhibits an inverse relationship between the two variables similar to equation (16), 
but the predicted slope is six times greater than the least square fit. The quanti- 
tative difference in slope suggests that some of the COz escaped, and that the sys- 
tem was not closed as was assumed in the model. The contradiction of slope (Fig. 
13a) can be explained by 1) source of large amounts of O2 and/or CO2 from sourc- 
es other than the atmosphere or 2) differential rate of equilibration of COz and O2 
with the atmosphere. In general, the data show that lake waters were not isolated 
from the atmosphere during the cruises. 


Calcium Carbonate. Calcium carbonate is related to the other systems 
mentioned above by the dissociation of calcite in water: 


where KCajcite = (#Ca**) (@CO5) 


The carbonate ion in turn is related to other carbon dioxide species and hydrogen 
ion concentration by equation (11) and more specifically equations (12), (13) and (14). 


CaCOs = Catt + COF 
Figure 14 shows the degree of saturation of Lake Erie water as a function 
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P CO, (x 10-4) 





20 40 60 80 100 
a % OXYGEN SATURATION 


(B) 







(% Op) = 50 - 310 (Peo) 


Poo, & 10-3) 
oo 


20 40 60 80 100 
% OXYGEN SATURATION 


Fig. 13. Carbon dioxide—oxygen relationship for (A) cruise 
E-60-20 and (B) cruise E-60-8. Curves and equations are 
linear least squares fit to data. 


of depth. First, it is important to note that much of the water is saturated during 
the summer (average temp. 20°C) but none of the water is saturated during the fall 
(average temp. 14°C). The inverse temperature dissociation product relationship 
for calcite as well as the greater solubility of carbon dioxide (and hence lower pH 






46 


and carbonate ion con- 
centration) are no doubt 
responsible for the dif- 
ferent saturation levels. 
It is interesting to note 
that 20°C was estimated 
as the minimal average 
yearly temperature for 
precipitation of calcite 
from sea water (Kram- 
er 1958). 

The inverse re- 
lationship of degree of 
saturation of calcite and 
depth generally shown 
in Figures 14a and 14b 
can be explained by 
a) decreasing tempera- 
ture of water with depth 
and b) increasinz carbon 
dioxide (from biological 
reaction) with depth. 
Both factors tend to un- 
dersaturation of calcite 
in water. 

Since excess 
carbon dioxide can gen- 
erally be attributed to 
high biological activity, 
it is possible that the 
degree of saturation of 
calcium carbonate in 
water (at a given tem- 
perature and depth) 
could be used as an in- 
dex of biological activ- 
ity. Almost all of the 
shallow water under- 
saturated data points of 
Figure 14a come from 
dumping grounds or 
areas where a heavy 
green algal kulp was 
noticed. 


Sulfate-Sulfide- 
Iron. One need only ex- 
amine bottom sediments 
once to realize that 


‘*sulfur-reducing bacteria’’ or similar organisms (see Baas Becking and Wood 
1955) whose biochemical mechanisms are not understood are very important in the 
chemical processes going on along the sediment-water interface. 


. 


(aca++)(2c03)/ Kcaicite 





3) / Kcalcite 


(8ca+ )(2Co 





J. R. KRAMER 


(A) 








(x 10) 


calcite saturated 


(x 107) 


calcite unsaturated 


(x 10-2) 


120 160 200 


DEPTH (feet) 


S 
. 
PD 


(B) 


calcite unsaturated 


0.4 


0.3 
160 


120 
DEPTH (feet) 


40 80 200 


Fig. 14. Saturation of calcite with depth. 
(A) cruise E-60-2 (B) cruise E-60-8. 
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Sulfate is a fairly abundant ionic species in the lake water. Under proper 
potential and pH gradients, sulfate will reduce to sulfide: 


SOF + 8H*+ + 86 = § + 4H20 


and Eh=E0+ ar log (2S=)/(@H+)®(@SOz) 


(17) 


where Eh is the redox potential (volts), E° is the standard state potential, R is the 
gas constant, T is the temperature (°K), and n is the number of electrons involved 
in reducing (or oxidizing) one molecule. 

If enough sulfide is formed, it will react with Fe*?: 


1 
(2Fe**) (@S>) 
or (18) 
emcee 
(@Fe**) (982) 


On the other hand, if the environment is oxidizing, iron will be in the three- 
valent state and hematite or limonite will develop: 


2Fet® + 60H = Fe20; + 3H20 


Fe** +S” = FeS, where Kreg = 


Fe™* + Sz = FeS2, where Kreg, = 


where Kye, O, = tctialliigni (19) 


(aFe*’)? (20H)*® 
or 
Fet® + 30H = Fe(OH); 
1 


where KFe(OH)s = 
(2Fe**) (208)° 


Fet? and Fe*® are related by 
Fe’? = Fe"? +6 (20) 
where 
Eh = E° + x log (2Fet*)/(aFe*?) 


To determine whether Lake Erie can be thought of as reducing or oxidizing 
(eutrophic, etc., see Galliher 1933, p 54 ff), reactions were considered which in- 
volved the equilibrium of a reduced iron sulfide phase and an oxidized iron oxide 
phase. Lake water values could then be compared to this reference. Equations 
were written which include all possible combinations of FeS, FeS2, Fe2O3, and 
! Fe(OH)s. One example will suffice here: 


2¥FeS + 11H20 = Fez03 + 280, + 22H* + 18 
RT 


where Eh = E° + — log (@H*)? (€S0%3)" 

18f 

| or Eh = E° + BT jog (ago,) - RT (px) (21) 
Of 9 





At a given sulfate activity and temperature, equation (21) becomes Eh =a - 8 (pH). 
Similar equations can be constructed for the other combinations. The ‘‘area’’ 
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of line for possible combinations is shown on Figure 15, and separates the ‘‘oxida- 
tion’’ (iron oxide) field from the ‘‘reduced’’ (iron sulfide) field. The data points 
cover both fields and the bottom sediments tend toward the ‘‘reduced’’ environment 
with respect to water samples. Considering that Eh tends to be read high if not 
measured in situ, one can imagine that most of the data points actually lie at lower 
Eh values than the diagram suggests. 

Further one can see the cessation of biological activity in the fall cruise 
results (Fig. 15b) since few samples had negative Eh values compared to the Eh 
values for the summer cruise. 

Since any sulfate-sulfide-iron oxide-etc. reaction is dependent upon pH, 
changes in this system will have profound effect upon any of the other systems dis- 
cussed above. 


SUMMARY 


1) Much of the increased concentration of soluble salts in Lake Erie ap- 
pears to be due to loss of water through evaporation (natural aging). Attributing 
all concentration of salts to evaporation, a rate of 2.3 x 10°° cm/sec is obtained, 
well within the range of other reported results. 


2) All the major chemical processes going on in Lake Erie are interrelated. 
They are: 


a) Saturation of calcium carbonate 

b) Cation exchange in clays 

c) Oxidation-reduction of sulfate and saturation of 
iron oxide and iron sulfide 

d) Biological formation of carbon dioxide from oxygen 


Each process is dependent upon hydrogen ion concentration, and hence all | 
processes are interrelated. This does not necessarily mean that hydrogen ion is 
the independent variable. It seems reasonable that weathering of silicate minerals | 
is probably the most important factor in the fixing of pH (Sillen 1961, p 550 ff) since 
silicates are by far the most abundant solids in the lake. ' 
Relative concentrations of the major ions in Lake Erie and in sea water de- 
note the processes. If the processes acting in both waters are the same and of the 
same intensity, the relative concentrations should be the same. A relative increase 
in one constituent in one environment signifies a new process or a common process 
of greater intensity in one of the environments. Calcium concentration has been 
used as the reference since calcium carbonate seems to be at saturation in both 
lake and ocean. Table 1 summarizes all the information available from this study. 
pH and Eh for both fresh and salt water appear to overlap. The pH and Eh 
of Lake Erie are both perhaps a bit less than ocean water signifying the impor- 
tance of the sulfate-sulfide-etc. reactions in Lake Erie. Sodium ion concentration 
is 100 fold relatively concentrated (column 3) in the ocean with the next highest 
ratio that of magnesium representing 15 fold concentration. The very high ratio 
for sodium certainly suggests that not much happens to it except concentration by 
evaporation. The unseemly high R2/R: for magnesium represents lack of chemical 
combination of magnesium with calcium and carbonate to form dolomite (rather 
aragonite or calcite develops) which should occur in both ocean and lake. The in- 
termediate sulfate ratio of 10/1 suggests that more sulfate is being fixed in the 
oceans than one suspects, or Lake Erie has an abnormally high sulfate concentra- 
tion (probably due to sulfur bacteria). The latter suggestion seems more reason- 
able. Similar and more emphatic comments can be made about the low increase of 
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Table 1. Relative Concentration of Major Species in Lake Erie 
and Ocean Water. Ocean Data from Sverdrup et al. 
(1942, Table 36). Lake Erie Data Represents 
Averages from Cruise E-60-8. 











Ri Re 
Molar Ratio L. Erie Ocean R2/Ri 
K*t/Ca 0.13 0.98 8/1 
Na*t/Ca 0.43 48 100/1 
Mgt+/Ca*t 0.33 5.2 15/1 
SO7/Catt 0.27 2.8 10/1 
Cl/Catt 0.84 5.5 7/1 
8.11 
pH (cruise E-60-2: 7.80 
7.39) 
Alkalinity 1.91 meq/L. 2.35 meq/L. 
Eh +0.03 +0.2V 
UL 0.005 0.7 





chloride of 7/1. Probably Lake Erie (with heavy population borders) runs high in 
chloride. 


The relatively low increase in potassium points to the importance of potas- 


sium fixing by clays in fresh water resulting in a minimum amount of potassium in 
sea water. 
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Appendix I. Data, Synoptic Cruise E-60-2, July 25-28, 1960 





Sta. 


1 


10 


12 


13 


14 


15 


16 


Depth* 
(feet) 


30 
62 
Sed. 


15 
34 
Sed. 


30 
70 
Sed. 


30 
65 
Sed. 


25 
50 
72 
Sed. 


40 
80 
110 
142 
Sed. 


100 
148 
Sed. 


Sed. 


Lat. (N) 
42°49.2 


42°51.5 


42°43.6 


42°37.7 


42°28.1 


42°33.7 


42°40.6 


42°47.3 


42°40.9 


42°37.7 


42°31.3 


42°25.0 


42°18.3 


42°15.6 


42°22.0 


42°28.1 





Long. (W) 
79°16.3 


78°54.7 


79°13.6 


79°10.3 


79°29.0 


79°32.4 


79°36.5 


79°40.3 


80°07.9 


80°00.5 


79°56.4 


79°51.8 


79°47.2 


80°03.7 


80°07.3 


80°11.2 


Temp. 
(°C) 
20.2 


19.0 
19.8 


21.8 
21.8 
21.5 


20.8 
19.3 
20.4 


20.8 


@ 
oO 


_ 


= -—wo nw 
PFPS SPS SSPPr 222 235 


nw 
Ce mASo AMON AXSOUHD COB aw 


pH 


8.22 
8.13 
7.23 
8.52 
8.41 
1.33 
8.47 
7.91 
7.47 
8.48 
7.68 
7.50 


8.49 
8.34 
7.68 
7.29 


8.28 
7.98 
7.90 
7.53 
7.27 


8.15 
8.48 


7.83 
7.50 


8.07 


7.98 
7.50 


8.12 
7.68 


8.36 
7.78 
7.72 
8.06 
7.42 


8.22 
8.12 
8.14 


8.03 
7.28 


8.77 
7.92 
8.04 
8.26 


8.12 
6.83 
7.18 


8.40 
8.28 
7.48 
7.54 


8.68 
7.91 
7.82 
1.32 


8.18 
7.39 
7.74 
7,04 


Eh (volts) 


+0.201 
+0.163 
-0.037 


+0.187 
+0.080 
-0.202 


+0.237 
+0.183 
-0.058 


+0.241 
+0.242 
-0.207 


+0.248 
+0.197 
+0.194 
-0.077 


+0.124 
+0.179 
+0.258 
+0.232 
-0.102 


+0.155 
+0.162 
+0.158 
+0.090 
-0.180 


+0.202 
+0.158 
+0.137 
+0.018 


+0.128 
-0.320 


-0.217 
-0,273 
-0,282 
-0.247 
-0.067 


-0,216 
+0,021 
-0,278 
-0.293 
-0.338 
-0,071 


-0.089 
-0,232 
-0.218 
-0.317 


+0.051 
+0.405 
-0.056 


+0.0535 
+0.0535 
+0.0650 
+0.0590 


+0,061 
+0.062 
+0.065 
+0.061 


+0.055 
+0.051 
+0.064 
+0,155 
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Carb. 

Alkal. Cale. Magn. Sod. Potas. Q. 

(meq/L) (ppm) (ppm) (ppm) (ppm)  (mi/L) 

2.01 37.64 9.97 13.0 6.0 
1.95 37.39 13.30 10.7 4.1 
1.98 37.15 10.63 11.1 6.4 
1.90 36.71 11.04 14.0 5.8 
1.92 45.13 5.67 13.9 3.1 
1.83 38.92 10.77 14.3 3.3 
1.84 37.64 9.12 12.9 4.0 
1.84 37.64 8.95 9.3 3.6 
1.90 38.72 9.12 13.0 3.0 
1,89 38.80 7.76 8.3 5.2 
1.83 39.52 9.19 8.7 10.0 4.60 
1.83 37.68 9.92 10.7 3.4 
1,87 38.52 9.68 9.2 4.9 
1,86 38.76 9.78 11.5 3.7 
1.95 38.96 8.78 9.0 13.3 
1.94 39.12 8.12 9.0 3.1 
1,99 39.72 7.44 9.5 2.8 
1.98 40.16 7.49 9.7 14.6 
1,98 37.92 10.50 9.8 3.9 
1.98 

1.89 38.84 9.46 11.9 4.8 
1.98 37.55 9.36 10.8 4.9 
2.05 38.48 7.56 10.5 4.0 
1.94 37.31 9.78 10.1 3.0 
1.90 37.51 9.29 10.3 3.8 
2.01 42.77 7.03 15.1 8.3 
1.92 39.20 9.00 11.7 5.4 
1.98 40.28 10,07 14.8 4.3 
1.98 36.51 10,26 9.8 5.5 
1.89 41.32 7.15 12.0 9.0 
1.97 38.80 8.63 12.8 2.3 
2.03 55.95 3.45 10.1 3.0 
2.04 25.25 19.75 9.0 4.0 
1.89 41.68 7.54 9.8 2.1 
1.96 41.28 TAT 14.3 2.4 
1.90 40.48 9.05 10.5 3.2 
1.98 40.88 8.10 11.3 2.3 
2.29 47.29 4.62 12.5 2.1 
1,83 38.08 9.07 13.8 2.9 
2.06 40.04 8.29 9.8 3.1 
1,90 33.03 12.45 9.3 7.2 
1.87 53.71 0.44 9.5 3.4 
2.07 41,28 7.03 9.4 2.2 
2.00 40.48 9.07 9.9 2.9 
1.76 38.08 11.16 10,2 1.9 
1.90 38.83 11,55 11.8 7.0 
1.90 40.08 8.37 14.3 4.2 


*Bottom samples from stations 23, 40, and 54 were either coarse gravel or bits of outcrop. 
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Sta. 


17 


19 


20 


21 


22 


23 
24 


25 


26 


27 


28 


29 


30 


31 


32 


33 


34 


35 


36 


37 


38 


Depth* 
(feet) 


30 
54 
Sed. 


30 
60 
Sed. 


30 
76 
Sed. 


30 
66 
Sed. 


40 
74 
Sed. 


40 
75 
Sed. 


60 


30 
61 
Sed. 


30 
67 
Sed. 


35 
70 
Sed. 


35 
72 
Sed. 


35 
72 
Sed. 


30 
62 
Sed. 


30 
65 
Sed. 


30 
76 
Sed. 


40 
78 
Sed. 


40 
76 
Sed. 


40 
76 
Sed. 


30 
61 
Sed. 


30 
65 
Sed. 


40 
79 
Sed. 


40 
80 
Sed. 


Lat. (N) 
42°28.2 


42°19.7 


42°09.3 


42°04.6 


42°12.7 


42°21.2 


42°31.3 
42°33.1 


42°25.8 


42°18.6 


42°11.4 


42°03.8 


41°56.0 


41°51.0 


41°58.7 


42°06.0 


42°13.0 


42°20.2 


42°27.3 


42°14.1 


42°07.0 


41°59.3 


Long. (W) 


80°27.8 


80°24. 2 


80°20.2 


80°35.8 


80°39.1 


80°44.5 


80°47.7 
81°11.2 


81°07.8 


81°04.5 


81°01.5 


80°58.8 


80°54. 8 


81°13.9 


81°17.6 


81°21.0 


81°25.0 


81°27.0 


81°31.5 


81°49.0 


81°45.0 


81°40.0 


Temp. 


(°C) 
21.0 


11.9 
18.5 


16.2 
19.2 
21.0 


20.3 


12.5 


18.9 
10.4 
15.8 


20.5 
14.6 
12.5 


20.7 
13.9 
12.9 


20.5 
13.0 
14.1 


20.8 
13.8 
15.0 
21.2 
13.1 
14.0 


22.0 
13.2 
13.0 
20.9 
12.8 
11.1 


22.0 
15,1 
12.0 


21.5 
16.9 
12.5 


21.0 
12.9 
11,1 


22.0 


19.8 


ee RO ee 
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Appendix I. (Continued) 


pH 


8.18 
7.50 
7.60 
7.90 
8.29 
7.62 
8.42 
7.61 
7.49 


8.46 
7.69 
7.24 


8.47 
7.72 
7.40 
8.12 


7.50 
7.57 


6.99 


8.21 
7.74 
7.48 


8.28 
7.67 
6.97 


8.53 
8.27 
7.40 


8.45 
7.22 
8.38 


8.48 
7.98 
7.31 
8.42 
8.18 


8.29 
7.41 


7.83 
6.95 
5.78 


1.57 
7.31 
6.97 


8.61 
7.21 
6.43 


8.22 
7.35 
7.13 


8.24 
6.88 
7.39 


8.18 
7.06 
8.37 


7.28 
6.93 


8.36 
7.36 
7.10 


Eh (volts) 


+0.048 
+0.051 
+0.054 


+0.320 
+0.049 
-0.111 


+0.048 
+0.052 
+0.260 


+0.041 
+0.054 
+0.062 


+0.410 
+0.420 
+0.350 


+0.370 
+0.408 
+0.165 


+0.545 


+0.046 
+0.447 
+0.336 


+0.380 
+0.212 
-0.032 


+0.081 
+0,010 
-0.208 


+0.110 
+0.075 
-0.100 


+0,000 
+0.060 
-0.100 


+0.045 
+0.250 
+0.350 


-0.013 
+0,.200 
+0.350 


-0.147 
-0,177 
-0.227 


+0.095 
-0.182 
-0.329 


+0.040 
+0.140 
-0.310 


+0.048 
-0,090 
+0.140 


+0.047 
+0.445 
+0.274 


+0.440 
+0,043 
+0.290 


+0.046 
+0.490 
+0,220 


+0.042 
+0.330 
+0.210 


Carb. 
Alkal. 
(meq/L) 


1.84 
2.00 


Calc. 
(ppm) 


40.48 
40.08 


42.89 
39.76 


39.44 
40.04 


37.96 
40.48 


40.48 
40.04 


37.47 
39.32 


41.28 


39.08 
41.28 


38.76 
39.48 


39.96 
49.30 


38.76 
39.04 


38.16 
41.28 


38.56 
38.92 


37.92 
39.84 


35.99 
40.88 


37.35 
40.08 


37.55 
38.84 


37.03 
38.44 


37.23 
37.92 


37.19 
38.20 


37.60 
37.31 


37.60 
37.92 





Magn. 
(ppm) 


7.00 
7.78 


6.64 
9.02 


5.81 
9.07 


6.93 


7.34 
6.42 


7.90 
8.24 


7.78 
1,78 


8.97 
8.90 


8.78 
6.13 


7.17 
7.81 


7.69 
8.07 


7.98 
8.83 


Sod. 
(ppm) 


11,1 
1.9 


8.8 
8.4 


10.0 
11.4 


10.7 
12.0 


10.6 
10.4 


Potas. 
(ppm) 


6.6 
3.6 


add 
ou 


- dO 
_ ow 


nN 
o- 


4.0 
14.2 


4.9 


oe SF FD LOE HS 
one  & mw © & © 


ww 
» oO 


on 


ee 
on 


O2 
(ml/L) 


6.40 


6.50 


5.50 





. 


i ne eee 


meres eee 


os 





orereereummaneet 


TT 
TT 
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Sta. 
39 


40 


41 


42 


43 


44 


45 


46 


47 


48 


49 


51 


52 


53 


55 


57 


58 


Depth* 
(feet) 
40 
78 
Sed. 


30 
56 


30 
61 
Sed. 


40 
70 
Sed. 


40 
15 
Sed. 


40 
72 
Sed. 


Sed. 


30 
50 
Sed. 


30 
42 
Sed. 


32 
42 
Sed. 


20 
40 
Sed. 


30 
40 


30 
36 
Sed. 


25 
36 
Sed. 


4 
Sed. 


24 
Sed. 


30 
Sed. 


25 
Sed. 


CHEMISTRY OF LAKE ERIE 


Temp. 


Lat. (N) Long.(W) (°C) 


41°51.1 81°35.0 21.2 
12.7 
11.2 


41°43.1 81°30.4 22.3 
15.0 


41°36.3 81°50.4 21.7 
14.0 
12.8 


41°45.3 81°54.4 23.0 
13.0 
10.2 


41°53.6 81°58.5 22.0 
12.1 
10.8 


42°01.7 82°02.8 22.1 
11.1 
10.9 


42°09.3 82°06.1 22.9 
11,1 
22.8 
11.7 
13.0 


42°03.0 82°22.0 23.5 
23.0 
11.9 
16.0 


41°56.6 82°19.0 21.0 
11.8 
10.0 


41°48.9 82°17.8 23.4 
15.2 
13.5 


41°40.6 82°14.9 22.5 
14.5 
12.9 


41°31.8 82°11.5 23.0 
15.1 
11.8 


41°30.1 82°35.7 24.0 
22.0 
21.0 


41°36.9 82°35.6 23.8 
24.0 
21.5 


41°43.3 82°32.5 24.0 


23.6 
19.8 


41°50.0 82°32.1 23.8 
23.2 


41°55.7 82°51.0 23.9 
23.3 
22.9 


41°45.2 82°54.0 23.8 
23.6 
22.3 
41°38.4 82°56.9 24.7 
23.3 


41°43.4 83°09.8 24.5 
23.2 


41°50.6 83°06.6 23.1 
22.2 


41°57.8 83°03.7 22.9 
21,2 


Appendix I. (Continued) 


pH 


8.43 
7.14 
6.94 


7.52 
6.68 


7.41 
7.14 
6.53 


1.24 
7.36 
5.93 


8.41 
5.70 
6.02 


8.58 
7.31 
6.81 


8.32 
7.78 
7.60 
7.11 
7.19 


8.38 
7.86 
6.28 
7.66 
7.71 
7.52 
7.12 


8.31 
6.97 
7.35 


8.54 
7.32 
6.52 


8,38 
7.06 
7.22 


8.61 
7.43 
7.07 


8.61 
7.88 
7.09 


8.32 
8.36 
7.47 


8.27 
7.93 


8,23 
7.92 
7.21 


8.22 
7.90 
7.17 


8.34 
6.93 


8.62 
7.09 


7.89 
7.00 
8.20 
7.01 


Eh (volts) 


+0,032 
+0.380 
+0.034 


+0.035 
+0.030 


+0.030 
+0.378 
+0.077 


+0.033 
+0.032 
+0.006 


+0.405 
+0.045 
+0.018 


+0.404 
+0.445 
+0.291 


+0.481 
+0.550 
+0.511 
+0,520 
+0.260 


+0.223 
+0.228 
+0.322 
+0.045 


+0.300 
+0.290 
+0,150 


+0.093 
+0.353 
+0.092 


~0,021 
+0.059 
+0.390 


+0.471 
+0.250 
-0.026 


+0.100 
-0,059 
-0,085 


+0.337 
+0.235 
-0.109 


+0.460 
+0.480 
+0.140 


+0.600 
+0.520 


+0,550 
+0.450 
+0.550 


+0.550 
+0.490 
+0.450 


+0,167 
+0.482 


+0,162 
-0.090 


+0.476 
+0.312 


+0.132 
+0,232 





53 
Carb. 
Alkal. Cale. Magn. Sod. Potas. Oz 
(meq/L) (ppm) (ppm) (ppm) (ppm) (ml/L) 
1.69 39.32 8.10 8.4 3.8 
1.66 42.48 6.40 8.4 4.7 6.30 
1.83 39.00 8.88 10.5 12.0 
1.75 40.08 4.84 9.0 3.8 6.20 
1.69 37.72 7.39 7.8 3.8 
1.69 38.24 8.44 7.6 10.2 4.80 
1.75 37.55 7.69 8.3 2.8 6.70 
.80 38.88 8.27 8.3 3.3 5.00 
6.40(5") 
1.75 36.67 9.14 8.4 3.5 6.97(0") 
2.18 38.24 8.24 9.1 2.9 5.68 
1.89 37.19 8.61 8.5 8.3 8.12(0") 
1.55 40.88 5.96 8.3 13.8 3.86 
1.75 35.95 7.44 9.7 2.6 
1.97 35.23 6.79 9.6 1.0 
1.87 38.57 9.17 9.8 1.9 5.31(0") 
2.06 39.00 7.66 8.3 2.0 5.39 
1.83 43.29 2.36 8.2 6.1 
1.89 44.49 1.70 1.3 2.7 7.47(0") 
2.19 44.09 6.67 8.1 4.3 6.95 
2.11 40.88 6.69 7.8 3.0 8.62(0") 
1.93 41.28 6.83 7.9 8.8 4.78 
1,78 38.72 3.96 9.8 5.0 9.72(0") 
1.98 39.00 7.32 7.8 3.8 4.96 
1.84 44.09 4.18 8.0 4.3 7.92(0") 
2.00 49.70 0.73 6.8 4.0 3.60 
1.90 40.48 4.69 6.7 2.5 6.34(0") 
1.75 40.08 7.08 7.2 12.5 1.34 
1.83 36.35 1.37 3.5 2.0 8.69(0") 
1.92 36.67 7.95 3.4 1.8 1.81 
1.75 37.19 7.83 2.9 2.0 8.15(0") 
1.90 37.35 7.83 4.3 3.8 4.98 
1.83 35.39 7.30 6.8 1.9 7.64(0") 
1.76 37.35 7.54 6.9 2.2 6.56 
1.75 34.63 8.51 6.7 1.9 9.29(0") 
1.76 38.64 3.79 6.9 18.8 5.71 
75 36.35 5.11 6.5 2.1 9.16(0") 
1.71 32.71 7.98 6.7 11.3 5.50 
1,75 35.79 5.30 1.3 7.3 8.90(0") 
1.76 36.27 5.50 7.2 12.0 4.24 
1,78 38.20 8.49 4.6 1.7 5.15 
7.48(0") 
1.86 38.08 7.00 6.7 2.3 6.65 
7.84(0') 
1.67 34.31 5.08 3.1 2.8 6.02 
9.40(0") 
1.73 42.89 2.92 6.4 4.8 5.60 


7.51(0") 


~-——————_—_—_—_—_—_—_—_—_—_—_————————————————————— ee 















































10 





12 


13 


14 


15 


16 






Sta. 








Carb. 
Depth Temp. Alkal. 
(feet) Lat. (N) Long.(W) (°C) pH Eh(volts) (meq/L) 
5 42°49.3 79°16.2 13.0 8.09  +0.040 1.84 
63 13.5 7.99 +0.190 1.80 
Sed. 12.5 6.47 +0,060 
40 42°51.6  78°54.8 12.0 8.29 -0,.225 2.11 
Sed. 12.6 7.29 -0.038 
5 42°43.7 79°12.9 13.5 7.95  +0.156 1.86 
66 12.3 6.72  +0,060 1,71 
Sed. 13.0 7.40 -0.139 
5 42°38.0 79°10.5 13.4 8.10 +0.102 1.90 
61 12.5 8.12 +0192 1.94 
Sed. 12.5 7.10 +0,121 
5 42°28.2 79°28.9 13.5 8.28  +0.030 1.93 
35 13.8 8.18  +0.249 1.89 
73 13.3 8.30 +0,234 1.89 
Sed. 12.5 8.00 +0.076 
40 42°34.0  79°32.2 14.0 8.35  +0.238 1.93 
80 13.8 8.03  +0.250 1.80 
129 14.0 8.31 +0.053 1.55 
Sed. 11.2 7.45 +0.055 
5 42°40.6  79°36.5 13.5 8.06  +0,267 1.93 
50 13.4 8.18 +0.211 1.98 
100 13.9 7.68  +0.031 1.39 
Sed. 12.2 7.17 +0.020 
5 42°47.4 79°40.9 12.2 7.90 -0.018 2.10 
65 12.0 8.11 +0,139 2.05 
Sed. 12.5 7.83 +0,254 
5 42°41.3 80°08.6 12.9 8.24  +0.100 1.90 
44 8.5 7.82 +0.096 2.01 
Sed. 9.2 7.76 +0.062 
5 42°37.5  79°59.9 13.4 8.22 +0,103 1.99 
50 13.4 8.17 +0.080 1.93 
90 12.9 8.24  +0.078 2.09 
138 7.9 7.69 +0.079  2.25(?) 
__ Seg “_ 4 — 800-4009 
5  42°41.3  79°59.5 14.5 8.08  +0.218 
90 14.0 6.90 +0.215 2.03 
150 8.8 7.52 +0.142 1.87 
8.8 7.06  +0.048 2.26 
0 7.16 -0,091 
50 42°25.2  79°51.2 14.0 8.22 +0.262 2.19 
100 14.0 8.20 +0.185 1.89 
145 9.8 7.59  +0.025 2.13 
Sed. 8.2 7.52 -0.159 
5 42°18.5 79°47.4 14.0 8.26  +0,212 1.94 
61 13.8 8.03  +0.068 1.99 
Sed. 13.0 7.49 -0.119 
5 42°16.1  80°03.5 13.0 8.16  +0.273 2.00 
70 13.3 8.28  +0.168 1.94 
Sed. (sand) 12.9 7.62  +0,202 
5  42°22.0  80°08.0 12.9 8.15  +0,125 2.01 
70 12.5 8.24 +0,144 1.98 
111 7.6 7.55 +0.122 2.10 
Sed. 7.6 7.70 +0.124 
5 42°28.4 80°10.5 10.2 8.10 +0,122 1,92 
80 8.9 7.94  +0.099 1.94 
120 8.6 7.83 +0,119 1.97 
165 8.5 7.60 -0,005 2.00 
Sed. 7.7 7.32 -0,022 


J. R. KRAMER 


Appendix II. Data, Synoptic Cruise E-60-8, October 25-28, 1960 








42°28.1 





80°27.8 






Calc. 
(ppm) 


41.89 
41.93 


43.14 


40.92 
40.80 


40.32 
40.36 


39.35 
39.04 
39.16 


39.10 
38.91 
40.60 


40.92 
43.45 
40.12 


42.56 
44.00 


39.68 
40.56 


39.12 
42.24 
40.16 
46.73 


38.04 
38.48 
40.60 


37.92 
38.40 
39.12 


38.08 
38.04 


38.20 
38.04 


38.60 
37.19 
38.60 


37.92 
38.04 
40.88 
40,44 


Magn. Sod. Potas. 


(ppm) 


5.82 
10.24 


8.95 
8.67 


10.80 
10.07 
11.36 


8.44 
9.83 
9.34 


9.27 
9.92 
8.41 
8.27 


(ppm) (ppm) 
12.2 3.4 
11.8 8.0 
12.5 11.2 
22 6388 
12.2 2.9 
12.3 3.1 
13.0 3.5 
11,2 3.2 
12.6 2.5 
13.1 3.0 
13.0 3.1 
i aa 
15.8 3.0 
12.5 2.8 
13.5 3.3 
4 83 
13.0 4.6 
12.9 4.0 
12.9 2.8 
12.3 3.5 
12.2 2.6 
12.3 2.9 
12.2 3.0 
m:46C«aS 


10.9 
11.0 
11.5 
11,1 


te 
—s ° 
orwoo 


peop NE 
on on wceo 


RE 
> 


02 
(m1/L) 


6.53 
7.06 


6.08 


4.66 
4.66 


6.35 


6.05 
5.70 


7.95 
7.90 


5.90 


4,43 


3.94 


Chloride Sulfate 


(ppm) 


28.7 
35.1 


35.4 


27.0 
28.2 
36.4 


27.0 
30.1 
26.7 


40.7 
27.6 


26.3 
30.0 


33.6 
25.7 
25.8 
26.0 


26.7 
34.4 


28.7 
25.6 
25.6 


25.9 
25.9 


25.3 
27.0 
24.9 


25.1 
25.4 
27.7 
27.3 


(ppm) 


35.0 
41.2 


32.5 
25.1 
32.0 


30.6 
46.0 


27.0 
21.4 
20.5 


18.7 
15.9 


22.2 
22.2 
19.1 


21.5 
23.2 
24.9 
23.1 
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55 





Sta. 


18 


19 


20 


21 


22 


23 


24 


25 


26 


27 


28 


29 


30 


31 


32 


33 


34 


35 


36 


37 


38 


Depth 
(feet) 


5 
54 
Sed. 


67 
Sed. 


66 
Sed. 


70 
Sed. 


Sed. 


60 
Sed. 


60 
Sed. 


73 
Sed. 


Sed. 


Lat. (N) Long. (W) 


42°20.0 


42°09.4 


42°04.8 


42°12.4 


42°21.4 


42°31.2 


42°33.2 


42°25.4 


42°18.6 


42°11.2 


42°03.5 


41°56.0 


41°51.3 


41°58.4 


42°05.9 


42°13.1 


42°20.5 


42°27.4 


42°14.3 


42°07.2 


41°59.2 


Chloride Sulfate 





Carb. 
Temp. Alkal. Calc. Magn. Sod. Potas. 02 

(°C) pH Eh(volts) (meq/L) (ppm) (ppm) (ppm) (ppm) (ml/L) (ppm) 

80°24.0 13.1 8.09 +0.169 2.01 39.48 8.46 11.6 2.1 3.97 27.1 
12.3 8.14 +0,159 2.01 38.92 8.54 11.3 1.8 4.42 25.5 
12.8 17.81 +0.189 

80°20.1 13.8 8.07 +0.163 1.92 38.36 8.68 11.2 1.8 4.00 26.3 
13.4 8.27 +0.154 2.00 37.92 9.19 11.5 2.0 3.92 26.3 
14.0 7.89 +0.208 

80°36.3 13.8 8.29 +0.071 1.93 39.04 8.51 11.8 1.9 2.49 32.2 
14.0 8.29 +0.060 1.84 38.40 8.90 12.4 2.0 2.64 29.1 
14.5 17.56 -0.042 

80°38.8 14.3 8.29 +0.088 1.92 37.39 9.29 12.2 1.8 4.25 25.1 
14.7 8.26 +0.,076 1.89 37.76 10.41 11.1 1.9 3.82 26.0 
13.9 7.48 +0.121 

80°43.4 14.5 8.40 +0.148 1,90 36.95 8.90 11.5 1.7 5.05 26.2 
14.7 8.32 +0.118 1.97 36.63 9.27 11.1 1.8 4.95 25.2 
13.8 8.10 +0,153 

80°48.0 14.5 8.19 +0.119 1.90 38.52 8.56 10.8 1.9 5.30 25.6 
14.5 8.32 +0.125 1.97 36.63 9.66 11.4 1.9 7.05 25.4 
13.6 17.99 +0.109 

81°11.0 14.0 8.18 +0.122 1.80 36.59 9.85 11.5 2.0 28.6 
14.6 8.20 +0.113 1.97 36.39 9.66 12.1 2.2 27.8 
13.5 7.45 +0.150 

81°08.7 13.9 8.10 +0.250 2.19 36.75 9.31 10.3 1.7 5.46 25.6 
13.3 8.10 +0.068 2.09 37.31 9.36 10.5 1.8 5.76 25.5 
13.0 7.09 +0.105 

81°04.8 13.8 8,14 +0.131 2.05 37.92 8.49 11.6 1.9 5.66 27.3 
13.0 8.12 +0.045 2.17 37.92 8.07 10.7 1.8 4.13 26.2 
13.8 6.85 -0.104 

81°01.8 14.3 8.42 +0.140 2.27 37.31 8.68 10.1 1.9 9.95 27.0 
13.3 8.38 +0.150 1.87 39.04 7.39 10.9 1.7 9.35 25.5 
13.3 6.68 +0.152 

80°58.5 14.3 8.23 +0.180 2.10 37.92 7.95 10.9 1.8 5.07 25.2 
14.3 8.30 +0.170 2.11 38.40 8.12 11.0 2.1 5.90 26.4 
12.7 17.40 +0.105 

80°54.8 13.4 8.28 +0.158 1.98 36.71 9.46 11.0 2.7 5.83 26.0 
13.3 8.30 +0,118 1.89 38.28 8.56 10.9 2.7 5.85 26.9 
16.8 6.96 -0.061 

81°13.4 13.6 8,11 +0,126 1,55 37.27 8.88 10.7 1.7 6.23 23.8 
13.1 8.11 +0.153 1.41 36.27 9.41 11.1 4.7 4.52 27.1 
11.9 7.21 -0.090 

81°17.5 14.2 8.03 +0,123 1.93 37.31 9.10 10.9 1.7 5.48 25.0 
14.0 8.18 +0.313 2.04 36.63 9.58 10.9 1.7 5.05 24.7 
13.9 7.30 +0,050 

81°25.8 14.1 8,21 +0,.224 2.03 35.07 9.85 10.9 2.0 5.86 25.6 
14.1 8.09 +0.298 1.89 35.63 9.46 10.9 1.5 5.70 24.1 
13.9 7.03 +0.286 

81°24.8 14.2 8.20 +0,269 1,84 35.07 9.80 10.5 1.9 5.50 27.8 
14.2 17.72 +0.158 1.86 35.75 9.19 10.5 1.8 4.95 26.3 
14.1 7.12 -0.228 

81°28.5 15.3 7.41 +0.224 1,89 35.07 9.39 11.4 7.1 5.31 26.5 
14.5 8.06 +0.197 1.87 35.07 9.53 10.4 2.7 5.50 28.4 
14.2 17.09 -0.017 

81°31.7 13.7 8.31 +0.185 1.92 36.59 9.61 9.8 1.9 4.84 25.4 
13.7 8.27 +0.220 1,86 37.47 9.46 10.4 29.7 5.59 25.2 
16.7 7.50 +0.150 

80°77.9 14.2 8.05 +0,221 2.06 37.03 9.27 10.5 4.1 5.72 26.2 
14.1 8.05 +0,205 1.99 36.63 10.17 10.6 1.8 3.60 24.7 
14.6 17.25 -0,059 

81°43.2 13.9 8.30 +0,153 1.76 35.83 9.68 9.6 1.7 5.61 25.7 
13.9 8.24 +0,130 1.90 36.39 9.24 9.5 1.8 4.80 23.5 
13.8 7.16 +0.043 

81°39.4 14.1 8.10 +0,186 1,98 36.87 9.17 9.6 2.0 4.82 26.2 
14.1 8.02 +0,185 2.12 36.95 9.24 9.6 1.6 4.88 24.9 
14.0 7.23 -0.138 


(ppm) 


21.1 
21.1 


23.8 
25.0 


24.0 
29.5 


22.9 
27.3 


22.0 
28.3 


18.4 
27.1 


22.0 
57.3 
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Sta. 


39 


40 


41 


42 


43 


44 


45 


46 


47 


48 


49 


51 


52 


53 


54 


55 


56 


Depth* 
(feet) 


5 
75 
Sed. 


Sed. 


5 
70 
Sed. 


5 
55 
Sed. 


5 
50 
Sed. 


5 
50 
Sed. 


5 
50 
Sed. 


5 
40 
Sed. 


5 
40 
Sed. 


5 
27 
Sed. 


5 
35 
Sed. 


5 
27 
Sed. 


5 
27 
Sed. 


5 
27 
Sed. 


5 
25 
Sed. 


Lat. (N) 
41°51.1 


41°43.1 


41°36.0 


41°45.0 


41°53.8 


42°02.1 


41°56.4 


41°49.5 


41°40.7 


41°32.0 


41°30.3 


41°37.3 


41°44.9 


41°50.2 


41°54.8 


41°46.2 


41°50.6 


41°50.6 


Long. (W) 
81°34.9 


81°30.9 


81°49.7 


81°54.6 


81°58.4 


82°02.5 


82°20.1 


82°17.1 


82°14.8 


82°12.1 


82°34.3 


82°34.0 


82°33.4 


82°32.7 


82°51.1 


82°54.5 


83°06.6 


83°03.5 


Temp. 
(°C) 
13.9 


14.0 
14.2 


13.9 
14.0 


13.9 
13.9 
14.5 


14.7 
14,2 
13.6 


14,1 
14.1 
13.0 


14.0 
13.9 
13.7 


13.5 


pH Eh(volts) (meq/L) 


8.20 
8.13 
7.21 


8.27 
8.13 


8.20 
8.43 
7.07 


8.08 
7.98 
7.49 


8.07 
8.04 
7.22 


8.12 
8.06 
7.13 


8.17 
8.14 
7.27 


8.18 
8.21 
7.23 


8.33 
8.18 
7.26 


8.48 
8.10 
7.15 


8.43 
8.27 
7.28 


8.43 
8.18 
7.01 


8.23 
8.47 
7.72 


8.33 
8.39 
7.75 


8.48 
8.70 
7.18 


8.17 
8.12 
7.63 


8.19 
8.23 
7.42 


8.50 
8.20 
7.28 
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Appendix II. (Continued) 


+0.115 
+0.152 
-0.173 


+0.082 
+0.174 


+0.112 
+0.078 
-0.170 


+0.132 
+0.033 
-0.023 


+0.048 
+0.131 
-0.028 


+0.132 
+0.108 
-0.037 


+0.072 
+0.169 
-0.030 


+0.198 
+0.365 
+0.102 


+0,124 
+0.160 
-0.113 


+0,226 
+0.249 
-0.041 


+0.191 
+0.183 
-0.031 


+0.285 
+0.244 
-0.158 


+0.148 
+0.084 
+0.107 


+0,102 
+0.167 
-0.142 


+0.107 
+0.158 
-0.098 


+0.087 
+0.142 
-0.162 


+0.253 
+0.313 
-0.056 


+0.229 
+0.249 
-0.055 


*Bottom sample from station 40 was coarse gravel. 


Carb. 
Alkal. 


2.11 
2.04 


2.01 
2.05 


1,84 
1.97 


Calc. 
(ppm) 


37.15 
37.15 


37.76 
37.39 


34.19 
34.75 


33.35 
34.75 


34.75 
35.43 


36.95 
35.63 


33.79 
34.47 


32.99 
32.02 


34.75 
35.39 


33.59 
31.90 


34.03 
34.31 


34.75 
32.87 


32.46 
32.59 


31.02 
30.50 


30.82 
30.62 


28.42 
28.38 


32.79 
32.91 


32.67 
31.70 


Magn. 
(ppm) 


9.24 
9.00 


8.97 
9.53 


8.93 
8.24 


7.59 
7.03 


8.05 
7.47 


7.17 
10.26 


8.49 


8.12 
8.29 


7.20 
7.51 


Sod. Potas. O2 
(ppm) (ppm) (ml/L) 
9.6 1.8 4.99 
10.4 2.0 4.99 
11.0 1.9 5,10 
11.9 2.0 4.70 
9.6 1.8 3.72 
10.6 2.8 3,44 
6 18 Oe 
10.8 4.4 3,77 
10.2 1.9 3,17 
9.6 2.2 4.35 
10.9 1.7 3.86 
11.0 21 3.81 
9.4 2.4 3.11 
9.7 18.1 3.26 
8.7 10.6 5.22 
8.8 1.8 4.80 
10.2 7.1 4.60 
9.4 15.3 4.72 
9.5 2.8 4.66 
9.3 10.0 3.83 
1:35 2s | |U66 
11.2 59 4.88 
9.3 1.7 5.48 
85 16 5.48 
9.7 18.1 5.74 
os is <«s0 
8.2 2.8 4.83 
8.7 7.0 5.06 
8.6 6.7 4.64 
9.3 10.5 (4.10 
7.2 1.6 6.00 
8.8 15.5 5.91 
10.6 1.7 4.72 
10.4 16.9 4.94 
11.7 9.3 5.89 
13.0 1.3 6,00 


Chloride Sulfate 


(ppm) 


25.3 
25.3 


(ppm) 


16.5 
16.5 


16.5 
18.6 


22.9 
18.9 


15.6 
16.0 


14.6 
20.1 


15.7 
22.3 


22.2 


35.4 
16.9 


15.8 
17.8 


16.4 
20.2 


13.0 
20.0 


15.0 
16.0 


16.0 
24.4 


15.0 
25.0 
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THE GREAT LAKES - ILLINOIS WATERWAY BASINS COMPREHENSIVE 
WATER POLLUTION CONTROL PROJECT 


H. W. Poston 
Division of Water Supply and Pollution Control, Public Health Service, 
Department of Health, Education, and Welfare, Chicago, Illinois 


THE RESOURCE 


By virtue of size, location, and connecting waterways, the Great Lakes are 
the largest fresh water resource in the United States - for that matter in the entire 
world. They have a surface area of 95,000 square miles and drain an area of land 
three times as great, including parts of Minnesota, Wisconsin, Michigan, Illinois, 
Indiana, Ohio, Pennsylvania, New York, and the Province of Ontario in Canada. 

Fertile agricultural lands to the west and south, abundant iron ore, large 
copper deposits and huge forest reserves coupled with the easy, cheap distribution 
of commodities by water resulted in rapid population of the Great Lakes Basin. 
Three of the six largest cities of the United States, Chicago, Cleveland, and Detroit 
are located there. The population of the eight American states and the Canadian 
province bordering on the shores of the Great Lakes exceeds 50,000,000 people. 

The St. Lawrence Seaway will accelerate the growth of large population 
complexes. Giant metropolitan areas can be visualized stretching from Milwaukee 
around the southern edge of Lake Michigan through Chicago into Indiana; from 
Detroit around Lake Erie to Toledo and Cleveland; and from Buffalo along the edge 
of Lake Ontario to Rochester. Similar changes can be predicted for metropolitan 
development on the Canadian side of the Great Lakes. The growth of these areas 
will depend on the Great Lakes and their watersheds for municipal, industrial, and 
recreational waters. Rather than quantity of water, a deterioration of quality of the 


lake water might be the eventual limiting factor on growth and commercial develop- 
ment. 


COMPREHENSIVE PROGRAMS 


With an immense water resource system such as the Great Lakes, the prob- 

lem of water quality management cannot be solved community by community on a 
piecemeal basis. Integrated plans and programs to coordinate activities designed 
to preserve the quality of the water should be prepared for all of the communities 
on the lakes. The Public Health Service has been authorized and directed by Con- 
gress to prepare that type of a plan, a comprehensive water pollution control pro- 
gram for the Great Lakes and the Illinois River Basins. The basic authority for 
this action is contained in the Water Pollution Control Act (Public Law 660 - 84th 
Congress). That authority was implemented by a special appropriation of $500,000 


during the last session of Congress. Section II of the Water Pollution Control Act 
states in part as follows: 


‘The Surgeon General shall, after careful investigation, and in 
cooperation with other Federal agencies, with State water pollution 
control agencies and interstate agencies, and with the municipalities 
and industries involved, prepare or develop comprehensive pro- 
grams for eliminating or reducing the pollution of interstate waters 
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and tributaries thereof and improving the sanitary condition of sur- 
face and underground waters. In the development of such compre- 
hensive programs due regard shall be given to the improvements 
which are necessary to conserve such waters for public water sup- 
plies, propagation of fish and aquatic life and wildlife, recreational 
purposes, and agricultural, industrial, and other legitimate uses.”’ 


While the Public Health Service is directed by law to prepare these pro- 
grams, it does not propose to single-handedly undertake such a task. The inter- 
ests, activities, and responsibilities of many Federal, State, local and private 
agencies are involved. If a truly comprehensive program for the Great Lakes 
Basin is to be achieved, the Service must arrange for cooperation and participa- 
tion so that the efforts, abilities and knowledge of other agencies are fully recog- 
nized and utilized. None-the-less, responsibility for initiating and completing the 
study lies with the Surgeon General acting through the Division of Water Supply 
and Pollution Control. The major burden for financing the work will accordingly 
fall upon our agency. 

To obtain the proper demand-supply-quality relationship a large number of 
interrelated investigations employing diverse scientific skills are required. Demo- 
graphic, economic and planning investigations are needed to forecast the location 
and growth of population, industry, agriculture, forestry, and water oriented 
recreational needs for the next 50 years. Together with information on present 
water uses these studies will assist in predicting the amount and quality of water 
needed at any point in the lake system during the next decade. Hydrology, geology, 
and topography studies needed to determine the feasibility of storage and regula- 
tion of fresh water flow may not be as important to the Great Lakes study as they 
are to other water resources systems in the country. It is, however, important to 
predict the sources, characteristics, and volumes of waste that will enter the lakes. 
The relationship between movement of water and the ability of the lakes to assimi- 
late the waste must then be determined. Within limits of economic feasibility the 
maximum amount of waste treatment should always be provided to protect the 
water resource for other uses. However, in the case of the lakes where limited 
flushing action is provided, it is especially important to identify those waste con- 
stituents which could produce adverse effects of a permanent nature and develop 
methods for complete removal of those materials. 


HISTORY OF THE GREAT LAKES - ILLINOIS RIVER BASIN STUDY 


Most of you are familiar with the litigation stemming from the diversion 
of Lake Michigan’s water, but a brief review is essential to an understanding of 
the Public Health Service study. The study is far more extensive than considera- 
tion of the southern Lake Michigan problem alone, but the history of diversion and 
the current hearings are factors affecting it. 

In the days of Joliet a low narrow strip of land was the only barrier to 
water traffic between the Great Lakes and the Mississippi River. In 1848, after 
12 years of work, the two basins were connected by the Illinois and Michigan canal. 
At first only enough water to provide for navigation was pumped from Lake Michi- 
gan, but the canal became so foul and offensive that it was necessary to increase 
pumpage to flush out the raw sewage discharged into it. In the year of the Chicago 
fire, 1871, the flow of the Chicago River was reversed to provide more water and 
expedite the flow of waste away from the city. In 1885 a flood carried sewage from 
the canal back into Lake Michigan, contaminating the water supply and causing an 
explosive typhoid epidemic. 
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Shortly afterwards, the Sanitary District of Chicago was formed for the pur- 
pose of constructing a sanitary drainage and ship canal to corvey sewage away from 
the lake and to provide deep water navigation in the Chicago area. The main canal 
from Chicago to Lockport was completed in 1900 and extended to Joliet by 1907. In 
1910 the North Shore Channel was completed, and the last major addition, the Cal- 
umet-Sag Channel, was made in 1922. 

Thus by the turn of the century the way was paved for conveyance of sew- 
age from Chicago to the Mississippi River system by means of significant diver- 
sion of Lake Michigan water. This action saved countless lives and untold suffer- 
ings by eliminating pollution from a fresh water supply during an era when modern 
water and waste treatment practices were unknown. 

However, it was perhaps the first diversion of water from one watershed to 
another for the purpose of waste disposal. The action perpetrated a series of 
studies, hearings, court cases, legislative actions and Presidential vetoes that has 
gone on undiminished in tempo for more than 60 years. The canal was hardly dug 
before St. Louis protested the daily discharge of filth into the Mississippi, and 
petitioned the Supreme Court to restrain Chicago from further damage. The 
Supreme Court dismissed the case and in so doing pointed out that since St. Louis 
discharged its own sewage into the river it was in no position to complain about 
Chicago. By 1925 diversion had reached 8,500 cfs. A Supreme Court decision of 
1930 ordered a reduction by the end of 1939 to an annual average of 1500 cfs plus 
domestic pumpage. This has been maintained until the present time, but almost 
continuous petition for modification has been addressed to the courts and legislative 
branch of the government. 

In 1959 there were four cases concerned with diversion pending before the 
Supreme Court. The Court appointed U. S. Senior Circuit Judge Albert B. Maris 
special master in the cases. Thus Judge Maris’ name is added to an illustrious 
list of judicial greats, including Oliver Wendell Holmes and Charles Evans Hughes, 
who have presided over diversion hearings. 

Many organizations, including the Public Health Service, have long recog- 
nized the need for intensive study of the Great Lakes. At about this time last year, 
two concurrent events made such a study possible. The United States had become 
a party to the diversion litigation on its own motion, and the Solicitor General 
requested the Department of Health, Education, and Welfare to undertake a study of 
lower Lake Michigan and the Illinois River Basin to supply information pertinent to 
the hearings. At the same time Congress was considering an appropriation to per- 
mit a comprehensive study of the entire lake system. The Justice Department 
requested a three year study of the southern Lake Michigan problem, while the 
comprehensive study was estimated for six years duration. Actually the two pro- 
posals complimented each other. Congress authorized the comprehensive study 
under authority contained in the Water Pollution Control Act, and arrangements 


were made to direct immediate attention to obtain information needed by the 
Department of Justice. 


ORGANIZATION AND STUDY PLAN 


Headquarters for the study has been established in Chicago under sponsor- 
ship of the Public Health Service’s Division of Water Supply and Pollution Control. 
Administrative direction is supplied from the Service’s Region Headquarters in 
Chicago. William Q. Kehr is the Project Director, and H. W. Poston, Water Pro- 
gram Director for the Regional Office, is charged with responsibility for the over- 
all Water Supply and Pollution Control activities in the Region. 











60 H. W. POSTON 


Talent for accomplishing the many investigations will come from four prin- 
cipal sources: the Public Health Service, other Federal agencies, State and local 
agencies, and public or privately endowed research groups. The Public Health 
Service will provide a staff at Chicago of sufficient size to cope with most of the 
problems, but assistance from the research elements at the Robert A. Taft Sani- 
tary Engineering Center in Cincinnati, Ohio, is readily available. Consultation and 
advice has been obtained from the Corps of Engineers and a memorandum of agree- 
ment authorizing reimbursement for important segments of the lake studies will 
soon be formalized. The U. S. Geological Survey will assist in stream gauging 
activities and many other Federal agencies will be invited to assist as the compre- 
hensive nature of the study develops. 

A comprehensive study would be next to impossible without endorsement and 
active participation of the State and local agencies. By invitation of the Surgeon 
General, representatives from these agencies are serving on a technical committee 
for the studies. 

Another important contribution can be made by the many private and public 
agencies with capabilities for research and investigation in one or more of the many 
professional disciplines which must be blended into the over-all study. In consid- 
ering this source of support we have been forced to face two fundamentals. First, 
we will never have enough money to support all of the worthwhile investigations 
which are proposed for the Great Lakes. Secondly, the money is authorized by 
Congress for studies leading specifically to a comprehensive water supply and pol- 
lution control program for the Great Lakes area. As a result it is important for us 
to evaluate research and investigation activities supported by others but providing 
some of the needed information for the comprehensive study. Certainly our mis- 
sion is not to duplicate well established research programs now in progress. 
Neither do we intend to ‘‘invent the wheel again’’ by repeating work which has been 
done by others. 

A word of explanation concerning contracts with universities, consulting 
engineers, and other groups is in order. Because Congress has commissioned us 
to execute a specific mission, we have prepared a study plan which we believe will 
accomplish the desired objectives within the limitations of time and money allo- 
cated tous. We have received numerous proposals for cooperative work on a 
reimbursable basis from many of the highly qualified organizations in the Great 
Lakes area. Some proposals fit into the study plan at this time, some fit into the 
program at a future date. They cannot be accommodated within our plan and 
resources available. Therefore, although they have much to recommend them, we 
will reluctantly be unable to support some of the projects suggested. Recognizing 
that our job is to accomplish a specific mission and not to push back the frontiers 
of science in all directions, we must firmly refuse to support some of the projects 
suggested. We believe that our friends will recognize the reasonableness of this 
position, 

The study plan itself is broken down by geographic as well as short range 
and long range objective considerations. With the emphasis placed on the current 
litigation over diversion of water from Lake Michigan, first priority was quite 
naturally assigned to the lower portion of Lake Michigan and the Illinois Waterway. 
From there the study will spread to include all of Lake Michigan, then to Huron, 
Superior, Erie, Ontario, and the St. Lawrence River in more or less that order. 

The study was authorized in the second quarter of FY-1961. With the funds 
provided and the time available in the remainder of FY-1961 it was decided to con- 
centrate activities on the Illinois Waterway and the canal system in the Chicago 
area. As the staff was recruited and personnel became available, our attention was 
extended to include problems involved in the study of Lake Michigan. It was anti- 
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cipated that the nature of the lake investigations would require feasibility studies 
and the fabrication of special sampling and gauging equipment. An early start on 


those items was needed to reduce the lag when the Lake Michigan study is to com- 
mence in earnest. 


ACCOMPLISHMENTS OF FIRST YEAR 


Accomplishments during the first year have been sizable and have laid a 
firm foundation for conduct of the study in subsequent years. Let no one under- 
estimate the frustrations and headaches involved in recruiting a large staff of tech- 
nically competent personnel and designing, securing, and equipping a large labora- 
tory in a short period of time. Even if we were free agents, these tasks would be 
difficult. As a unit of the Federal government we are obliged to carry out the letter 
and spirit of the laws and regulations governing recruitment of personnel and pro- 
curement of space. Even though reasonable and necessary, the restrictions and 
multitude of administrative regulations which must be considered are quite aggra- 
vating, especially to engineers and scientists charged with responsibility for major 
works in limited time. 

Starting from scratch last fall a staff of 50 competent professional persons 
has been recruited and integrated into a working unit. For the most part these 
people came from jobs outside of the Public Health Service and from fields other 
than the conventional sanitary sciences. Progress has also been made in the acqui- 
sition of space. At first the unit was housed with the regional headquarters in the 
new Post Office Building. They soon outgrew the limited space and moved to tem- 
porary quarters in the old Studebaker Plant on South Archer. Plans are advancing 
to remodel and provide laboratory facilities with 30,000 square feet of floor space 
at 1819 Pershing Road on Chicago’s Southside, where the group will have its per- 
manent headquarters for the duration of the study. 

Along with procurement of staff and facilities, significant progress has been 
made on technical aspects of the study. We are at the present time preparing a 
first interim report for release early in July. The report will provide valuable 
information to the Justice Department and serve as the first progress report for 
the comprehensive study. Included will be the early results of such activities as an 
inventory of the sources of pollution in the Chicago metropolitan area, a prelimin- 
ary appraisal of industrial waste disposal practices, the first steps toward the 
evaluation of pollution contributed by storm water overflow, a listing and appraisal 
of the effectiveness of sewage treatment plants in the area, and preliminary biolog- 
ical studies and stream investigations on the Illinois Waterway in the Chicago area, 
The report will also contain other elements of the comprehensive study such as a 
preliminary discussion of the economic development of the Illinois Waterway and 
an evaluation of the total potential surface water resource. 


CHALLENGING PROBLEMS 


In geographic area and projected cost the study of the Great Lakes Illinois 
Waterway basins is the largest ever undertaken. Coupled with size are the com- 
plexities of a truly comprehensive study. The challenge presented is overshadowed 
only by the usefulness of the results. 

For example, the interchange of water between Lake Michigan and the other 
lakes, and the pattern of mass movement of water within Lake Michigan is a prime 
initial target. Actually very little is known about the pattern of surface currents 
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in the lake and still less is known about subsurface currents. This information, of 
course, is essential in determining the mass movement of water. The Corps of 
Engineers was asked to consider this problem. They have presented us with a 
feasibility report which in essence calls for the installation of at least 25 fixed 
measuring stations. The stations will be located at strategic points in the lake. 
Each will be equipped with devices for measuring very low velocity water move- 
ment, temperature, and other related characteristics. Simultaneous measurements 
will be made of air temperature and wind velocity. The devices will record results 
automatically. A system of electronic interrogation is being considered so that 
measurements will be telemetered to a shore based communications center. 

Automatic instrumentation and recording devices will be used wherever 
possible. Seven continuous dissolved oxygen analyzers have been obtained and the 
desirability of outfitting them with automatic punch tape recorders is being con- 
sidered. The punch tapes can be fed into a translator, and punch cards for com- 
puter data processing can be obtained directly from the recorded results. The U.S. 
Geological Survey has been consulted and is studying the possibility of locating 
gauging stations in the canal system. Such stations are needed to analyze the com- 
plicated hydraulic network. 

One of the first steps in a comprehensive study is to inventory existing 
sources of pollution. This information is needed to arrive at important waste 
assimilative characteristics of the river or lake in question. Sometimes outfalls 
are submerged and their existence is lost in the records of antiquity. To locate 
them and to trace the pattern of diffusion of waste in the receiving water by con- 
ventional sampling techniques is a time consuming, costly procedure. An attempt 
is being made to develop aerial reconnaissance techniques to identify points of pol- 
lution and trace patterns of diffusion. Two techniques seem to be extremely pro- 
mising. The first is multiband spectral reconnaissance. At least two aerial photo- 
graphs are taken simultaneously. Film and filters are selected so that any dif- 
ference in light reflection resulting from impurities in the water is discernible on 
the paired photographs. This technique has been used with remarkable results in 
other fields and may have wide application in sanitary engineering reconnaissance 
surveys. The second technique may have even more promise but at the present 
time is shrouded in security restrictions. This involves the use of infrared sensing 
devices. The devices pick up and record emission of thermal energy. Very small 
differences in temperature can be detected from planes at very high altitudes. 
Infrared sensing may be very helpful in tracing broad current patterns in the Great 
Lakes as well as in identifying the source and pattern of dispersion of wastes. 

In regard to the study of Lake Michigan, the feasibility of developing a physi- 
cal model is being investigated by the Corps of Engineers. Preliminary evaluation 
by the Corps staff at Vicksburg, Mississippi, indicates that a model might be built 
at a reasonable cost. Furthermore, the model could be helpful in predicting cur- 
rents and water movements under various simulated wind and weather conditions. 

Thus far I have dealt only with the challenges of the more conventional 
scientific aspects of the study. As you can well imagine, in the over-all compre- 
hensive study there are problems of economic projections, demographic predictions 
and other influences which are only dimly appreciated at this time. Furthermore, 
the blending of choices, of preferences, and of possible decisions indicates a lan- 
guage of systems analysis yet to be developed in the field of water resources man- 
agement, 

Under the basic authority contained in the Water Pollution Control Act, the 
Congress has commissioned the Public Health Service to serve as coordinator in 
the development of a comprehensive plan for the improvement and preservation of 
the quality of water in the Great Lakes for all legitimate purposes. This task is 
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9 large and too complex for any group or indeed any Department to handle with- 
out the active, sympathetic participation and cooperation of interested parties at 
all levels of government and private practice and, accordingly, I would like to 
extend all of you here today a most hearty invitation to join with us in this under- 
taking. Your cooperation and participation is not only earnestly desired but greatly 
needed if we are to bring this study to a satisfactory conclusion. 
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THE SIGNIFICANCE OF TRACE ELEMENTS IN FRESH WATER 
PLANKTON FOR THE IDENTIFICATION OF MICROSTRATIFICATION 
IN LAKE BOTTOM SEDIMENTS WITH SPECIAL REFERENCE TO 
STRONTIUM 


Herman Kleerekoper 
Department of Biology, McMaster University 
Hamilton, Ontario 


Abstract 


An attempt is made in this research to find microchemical means to identify 
the annual deposition of plankton detritus in Lakes Simcoe, Ontario and Huron. The 
hypothesis is postulated that fresh water plankton may accumulate some elements 
which normally occur only in trace amounts in lake water, and that plankton 
detritus, which is incorporated in the sediment, may enrich the stratum with those 
elements. 

The present paper deals primarily with strontium and calcium, and com- 
pares the concentration and ratios of these elements in lake water, plankton and 
sediment samples. Sr . 100 in 18 surface samples of plankton over the period from 

Ca 
June 1958 to June 1959 was on the average 0.137. Lake water samples varied be- 
tween 0.47 and 0.60. The ranges of these values are different in the three lakes 
investigated. The enrichment of both strontium and calcium is 150% and 570% 
respectively in the plankton of Lake Simcoe, and 800% and 2470% in that of Lake 
Ontario. In Lake Huron the enrichment is considerably less for both elements. 

There is a direct or indirect relationship between the content in organic 
matter of the plankton and the strontium and calcium contents. This is reflected 
not only in absolute concentrations but also in Sr . 100 relationship. 

Ca 

The surface lake bottom sediment is considerably different from the water 
with respect to calcium and strontium content and to the ratio between these ele- 
ments. The latter resembles rather closely the ratio of these elements in the 
plankton in spite of the absolute differences in calcium and strontium content. The 
results seem to indicate that the high accuracy of the spectrophotometric method 
of analysis of these elements may make it possible, under favourable conditions of 
sedimentation, to determine chemical microstratification produced by plankton 
rain. 


64 





% 
5 
z 


EXT: 


Pubn. No. 7, Great Lakes Res. Div., Inst. Sci. and Tech., The Univ. of Michigan, 1961 


PHYSICAL LIMNOLOGY AND METEOROLOGY 


TEMPERATURE, HUMIDITY AND WIND PROFILES 
OVER THE GREAT LAKES 


J. P. Bruce,* D. V. Anderson and G. K. Rodgers 
Meteorological Branch, Canada Department of Transport, and 
Department of Geological Sciences, University of Toronto 


INTRODUCTION 


A thorough knowledge of the friction between atmosphere and lakes and of 
evaporation rates from the lakes are of obvious importance both in meteorology 
and in physical limnology. That our knowledge of the first of these is not very se- 
cure, in spite of many experimental studies, was emphasized by Portman (1960) at 
the Third Conference on Great Lakes Research. A summary of evaporation esti- 
mates for the Great Lakes and their likely errors and deficiencies was recently 
outlined by Bruce and Rodgers (1959), and estimates of average monthly evapora- 
tion have now been made for Lake Ontario using the energy budget (Rodgers and 
Anderson 1961). In order to study the “‘air-lake’”’ interaction and so deal with both 
of these closely related problems, measurements of vertical profiles of tempera- 
ture, humidity and wind in the lowest 
layers of the atmosphere over the 
lakes are required. 


MEASUREMENT METHOD 


In an attempt to obtain a suf- 
ficient number of such measurements 
to permit reliable estimates of these 
factors under a wide range of mete- 
orological and limnological condi- 
tions, the research vessel C.M.S. 
Porte Dauphine (Anderson 1960) was 
fitted in August 1960 with a boom car- 
rying a remote indicating anemome- 
ter and wet and dry bulb thermome- 
ters. The boom is mounted at the 
bow of the ship, and measurements 
are thus taken on an arc of radius 25 
feet (the length of the boom) with the 
bow as center (Fig. 1). In this way 
profiles from 1 foot (in light winds) to 
44 ft above the water are obtained, 
with the ship hove to and the bow a 
few points off the wind. These pro- 
files are taken routinely along with 
regular meteorological and limnol- Fig. 1. Meteorological boom fitted to bow of 
ogical observations. C. M. S. Porte Dauphine. 





*The participation of J. P. Bruce in this work was with the approval of the Director of the 
Meteorological Branch. 
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INSTRUMENT 


The instrument head carries a 
small blower which sucks air through a 
shielded orifice, the air passing over 
wet and dry bulbs whose temperatures 
are given by thermistors. Wind speed 
is given by a commercial hot-wire ane- 
mometer (Hastings-Raydist type B15A, 
Serial 66). The whole sensing head unit 
weighs 10 pounds (Fig. 2). 

The boom is constructed of rec- 
tangular aluminum tubing 2 x 4 x 3/16 
inches. The great strength of this tub- 
ing permits the cantilevered construc- 
tion which was considered desirable for 
securing the instrument rigidly to the 
ship. The boom is counterbalanced by 
two large torsion springs which can be 
locked to compensate for various instru- 
ment loads. With part of the torque of 
the boom taken up by springs, the boom 
is raised and lowered with a small cable 
winch. The post supporting the boom is 
fitted to the bow so that the whole as- 
sembly can be swung inboard when not DETAILS OF PSYCHROMETER 
in use. The boom is very strong and 
has been out in winds up to 50 mph, al- 
though pitching of the ship restricts 
good measurements to a range of zero Fig. 2. Exploded view of instrument head. 
to 30 mph. 
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OBSERVATIONAL DIFFICULTIES 


Wind-tunnel calibration of the hot-wire anemometer indicates that it is of 
utmost importance to maintain the orientation of the boom head into the wind to ob- 
tain consistent results from level to level and from one set of observations to the 
next. In addition, during this first season of operation it was found that very rapid 
fluctuations of wind speed were followed by the instrument and its indicating needle, 
making readings of 5 or 10 second mean winds very difficult. A damping circuit is 
being inserted to overcome this difficulty. 

A basic difficulty in securing useful observations at sea lies in the pertur- 
bations caused by the boat or other observational platform. The ship is 125 feet 
long and has a 25-foot beam and no doubt has a significant effect on meteorological 
measurements taken from it. This effect has, it is hoped, been reduced to a mini- 
mum by mounting the boom at the very bow. Deacon, Sheppard and Webb (1956) 
found that 5 meters forward of a 70-foot schooner the effect of the hull is felt to the 
extent of 2 or 3 per cent. In our case it is suspected that the low level winds may 
well be in error due to the hull effect, but that the error should be very small at 
levels where the sensing head is 20 feet from the vessel or higher than the forward 
deck of the vessel. However, it will be necessary, before any firm conclusions are 
drawn from the profiles, to measure wind speed by an independent means and thus 


‘ 
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assess this windage effect, or to make measurements by ship runs at known speeds 
to permit calculation of this correction factor in the manner of Deacon, Sheppard 
and Webb. 


TEST RUN 


Some tests were conducted on Lake Ontario in November, 1960, under 
strong, gusty wind conditions with occasional showers and hail. These tests were 
made partly to test the strength of the assembly, but also to determine the repeat- 
ability and accuracy of results. 

One disturbing feature, not reconciled by calibration tests, was that the hot- 
wire readings at 38 ft at the bow of the ship were higher by some 25 or 30 per cent 
on the average than the winds observed by the ordinary Meteorological Service of 
Canada flashing light anemometer mounted on the bridge of the ship. In addition, 
the hot-wire readings (averages for 10 seconds) fluctuated rapidly under these 
gusty conditions, in one case going from 37 to 29 mph within one minute. Figure 3 
shows this comparison and the fluctuations of the 38-ft wind observations over a 
five-minute period on November 3 at 1730 hrs local time. This rapid fluctuation in 
the wind makes it impossible to rely on the wind profiles taken with the boom under 
such meteorological conditions, for it takes 2 to 3 minutes to make a series of ob- 
servations from 2 to 44 feet. 
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Fig. 3. Comparison of hot-wire and flashing anemometer over 
5-minute periods. 
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Fig. 4. Comparison of meteorological elements for 4 and 40 ft, at anchor stations off Hamil- 
ton, Ontario, 3 and 4 November 1960. 


Rapidly fluctuating wind differences from 4 to 40 ft at the anchor station, 
which was 2 miles offshore from Hamilton in western Lake Ontario, are shown in 
Figure 4 for the period from 1700 hrs E.S.T. November 3 to 0130 November 4. 
Whether the differences between the 4 and 40 ft levels represent real changes in the 
shape of the wind profile or were caused by rapid changes during the taking of each 
profile, as in Figure 3, cannot of course be determined. 


SOME OBSERVED PROFILES 


In view of these test run results, the only sets of data which have yet been 
analyzed are mean profiles for periods during which winds were steady and the lapse 
rate in a condition of near neutral stability. 

Two such profiles giving average conditions for two separate ten-hour peri- 
ods on September 26 and 27, 1960, on Lake Erie are given in Figure 5, and the drag 
coefficient and shear stress derived from them are given in Table 1. 

These results are close to those obtained by Portman (1960) over Lake Mich- 
igan, although taken at somewhat higher wind speeds. Portman’s values of Cg aver- 
aged about 4 x 107* for winds (U,,) in the range 200-350 cm/sec. 
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Fig. 5. Mean profiles of wind and temperature for two 10-hour 
periods, off Port Burwell, Ontario, 26 and 27 September 1960. 
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= = 2 
Time U cm/sec To U* Cq Tx 10 
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1960 
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SUMMARY 


This preliminary report on measurement of temperature, humidity and wind 
profiles by means of the new meteorological boom on the research vessel Porte 
Dauphine suggests that considerable effort must yet be put forward to convert the 
readings into reliable profiles. The data presented indicate that while inter-cali- 
bration problems are avoided by taking the observations with the same instrument 
at each level, the time between observations at low levels and higher levels, of two 
minutes or so, may significantly distort the results under gusty wind conditions and 
with an unstable air mass. In addition, the ‘‘windage’’ effect of the ship, while 
small, will have to be determined before the profile results can be considered re- 
liable. However, mean profiles under conditions of neutral stability were found to 
yield values of drag coefficient not radically different from those of other investi- 
gators, so that it appears likely that the boom will be a valuable tool in obtaining 
profiles under conditions of light to moderate winds and stable to slightly unstable 
lapse rates. While the instrument will be useful in certain experimental studies, 
its main value will be as an operational instrument to determine the low level ‘‘cli- 
matology’’ of air masses over the lakes and thus enhance the value of meteorologi- 
cal observations taken routinely with C.M.S. Porte Dauphine. 
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CHANGES IN THE LEVELS OF LAKES MICHIGAN AND HURON* 


Ivan W. Brunk 
U. S. Weather Bureau 
Chicago, Illinois 


Abstract 


Ten-year overlapping averages of mean annual levels of the Great Lakes for the 
period 1860 to 1960 indicate peaks in the levels of most of the lakes in the 1880’s and around 
1950. The level of Michigan-Huron averaged more than 1.5 ft lower in the 10-year period 
ending 1955 than in a similar period ending 1887. This study considers the apparent fac- 
tors associated with this drop in levels, and it is concluded that it is possible that natural 
and artificial changes in the natural outlet control system of Lake Huron have been respon- 
sible for practically all of this observed drop in Michigan-Huron levels in the 68-year 
period. 


INTRODUCTION 


The present form and connections of the Great Lakes are the results of a 
complicated series of geological events. Hough (5) has discussed the effects of the 
continental ice sheets which scoured and molded the landscape in the region sever- 
al times in the last million years, and indicated that the last period of glacial ice 
was about 11,000 ‘“‘radiocarbon years’’ ago. He also pointed out that the level of 
Lake Michigan was as much as 60 ft higher and 350 ft lower than present levels 
during the period of time since the retreat or melting of this glacial ice. The most 
recent identifiable stage substantially higher than the present level of approximate- 
ly 580 ft above sea level was a stage approximately 16 ft higher, about 2,500 ‘‘ra- 
diocarbon years’’ ago, the Algoma stage. Since that time, when Hough believed a 
lateral shift of the outlet channel of Lake Huron onto more easily eroded material 
occurred, downcutting presumably continued without interruption until the present 
levels of Michigan-Huront were attained. However, Hough also stated that there is 
no evidence of a change in M-H levels in historic time, and that it is generally as- 
sumed that the rate of downcutting at the present time is negligible. 

Since 1860 systematic and continuous measurements of Great Lakes levels 
have been made by the U. S. Lake Survey. From lake level data furnished by that 
organization**, Figure 1 was prepared. This depicts the long-term changes in the 
levels of the Great Lakes by means of 10-year overlapping averages. Two promi- 
nent features of Figure 1 are the peaks in levels in the 1880’s and around 1950. On 
some of the lakes the early peak was comparable to the later one. However, the 
average level of M-H in the 10-year period ending 1955 was significantly (1.61 ft) 
lower than the average for the 10-year period ending 1887. In 1919 it was stated 
(11): ‘‘Whether or not there has been any marked change in the level of Lake 


*The opinions and conclusions in this paper are those of the author, and not necessarily those 
of the U. S, Weather Bureau. 

t‘‘M-H” will hereafter be used to designate Lakes Michigan-Huron, which have the same level 
because of the broad and deep connection through the Straits of Mackinac, and are usually con- 
sidered hydraulically as one lake. 

**All basic data concerning lake levels, outflow, and net basin supply (defined later), used in 
this study furnished through the kind cooperation of the U, S, Lake Survey, Corps of Engi- 
neers, except that records of Lake St. Clair levels prior to 1898 are from the report of the 
International Waterways Commission, 1910. 
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Huron due to change in regimen of its outflow channel is still a mooted question, 
and probably will remain so unless the stages of the lakes should return to the high 
levels of the 80’s.’’ It is the purpose of this paper to see why M-H did not return 
to the level of the 1880’s, and in particular to see if there has been any change in 
the regimen of its outflow channel. 


FACTORS AFFECTING M-H LEVELS 


The following factors could cause a significant change in M-H levels: 


. Inflow from Lake Superior 

. Precipitation 

. Evaporation 

. Diversion 

. Crustal movements 

. Ice blockades 

. Changes in outlet conditions 


ADIT PWN 


While all of these factors affect the level and outflow of M-H, the first four do sole- 
ly through changes in water supply available to the outlet. As the water supply 
changes, the lake level and outflow adjust continually in the direction tending to re- 
store a balance between the water entering and the water leaving the lake in ac- 
cordance with the stage-discharge relationship. (For example, see Figure 2.) If 
no additional changes in water supply occurred after a given change, the lake would 
eventually reach a state of equilibrium in which the outflow was equal to the water 
supply, although considerable time would be required for adjustment to take place 
(6). 

The last three factors listed change the lake level by a change in the stage- 
discharge relationship, as a result of a change in the physical characteristics of 
the outlet. Any change in these factors will result in a new curve, different from, 
but nearly parallel to the former curve. By a comparison of the stage-discharge 
relationships for the 10-year periods ending 1887 and 1955, it will be shown that 
practically all of the observed drop of over 1.5 ft in M-H levels in that 68-year 
period was apparently due to the effects of changes in the natural outlet control 
system of M-H. These changes, which resulted in the lowering of levels, will 
hereafter be referred to as ‘‘downcutting’’. 


EVALUATION OF FACTORS 





Let us first consider Crustal Movements. The M-H lake level data 
used in this study are average levels referred to the Harbor Beach (Michigan) 
gage. The land at Harbor Beach is subsiding at a rate of 0.12 ft per 100 years with 
respect to the lake outlet (8), and thus after 100 years this effect alone would cause 
the gage at Harbor Beach to record levels that are 0.12 ft higher than the levels 
corresponding to given depths at the outlet. The effect of crustal movement be- 
tween the 10-year period 1878 to 1887 and the 10-year period 1946 to 1955 would 
be to cause a change of + 0.08 ft. in the level of M-H. 

Ice Blockades which develop in the St. Clair and/or Detroit Rivers af- 
fect the level of M-H by holding back large quantities of water at times. This 
keeps M-H continuously averaging about 0.5 ft higher than if the rivers were al- 
ways free of ice (3) (8). Little specific data are available concerning the actual ef- 
fect of ice obstructions in various years. In order to obtain an index of retardation 
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Fig. 1. Great Lakes Levels, 1860 to 1960. 
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Fig. 2. Michigan-Huron Stage-Discharge Relationships (discharge values corrected for 
effect of ice blockades): (A)—1878 to 1887. (B)—1946 to 1955, levels adjusted for effect 
of crustal movement from period (A) to (B). (C)—1878 to 1887, using derived dis- 
charge values, see text and Table 2. (D)—1878 to 1887, using 80 per cent of computed 
Erie Net Basin Supply values to compute discharge values. 
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of flow by ice, monthly values of M-H level and its outflow through the St. Clair 
River were plotted for the period 1860 to 1959. An estimate was made of the 
amount the flow was reduced during each month when it appeared that the flow was 
less than could be expected on the basis of a comparison with the normal stage- 
discharge relationship and the stage-discharge relationship for the preceding and 
following months. Adjustments were made as required for changes in elevation due 
to the water held back by the ice whenever this was significant. The average values 
of retardation of flow estimated as due to the effect of ice blockades during the 
100-year period 1860 to 1959 are indicated in Table 1. 


Table 1. Estimated Average Retardation of M-H Discharge 
Due to Effect of Ice, 1860 To 1959 


December January February March April May Annual 


Average 
retardation 3,750 19,130 27,150 14,500 3,620 900 5,754 
(c.f.s.) 


Percentage of 

total annual 5.5 27.7 39.3 21.0 52 1:5 100.0 
retardation 

(x100) 


Retardation as 

percentage of 

average flow, 2.1 12.5 18.8 9.0 2.0 0.5 3.2 
1900 to 
1959 (x100) 
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The annual average retardation of 5,754 c.f.s. is equivalent to an average 
additional elevation of 0.43 ft each year on M-H, as determined from the rating 
curve for this lake (6). An approximation of the effect of ice blockades in each of 
the 10-year periods being compared can be made by considering the average year- 
ly retarded flow, which was 4,333 c.f.s. in the period 1878 to 1887 and 3,783 c.f.s. 
in the period 1946 to 1955. The difference in the effect of ice in the second 10-year 
period as compared with the first would correspond to a change of -0.04 ft in the 
level of M-H. 










CHANGES IN OUTLET CONDITIONS 








The discharge from M-H moves through the St. Clair River, Lake St. Clair 
and the Detroit River to Lake Erie, a distance of about 84 miles, and there is no 
definite control section which determines the volume of outflow. Extensive im- 
provements for navigation have been made in the control system, for under natu- 
ral conditions the available draft was limited by the shallow water, only 2 to 6 ft 
in depth, at the rim of the delta of Lake St. Clair (3). In 1961 a navigation channel 
27 ft in depth was available between Lakes Huron and Erie, and further deepening 
of channels was in progress. 

In 1924 Grunsky (4) stated that rating curves for the St. Clair and Detroit 
Rivers had been materially changed by dredging to secure navigation depth and fa- 
vorable channel alignment, and that much of this work fell into the period 1885 to 
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1897. Downcutting of the natural outlet control system of Lake Huron has also 
been attributed to a number of other factors, both natural and artificial, including: 
commercial removal of sand and gravel in the 16-year period after 1909 (8); the 
natural erosion of the gravel bed in the Port Huron Rapids of the St. Clair River 
(7); the effect of erosion or scour from the propellers of passing boats (9); and the 
effect of ice gorges, which in one case was reported to have caused a deepening of 
several feet at places in the St. Clair Flats Canal (9). It has been stated (7) that 
the effect of changes in the St. Clair-Detroit River system between 1890 and 1925 
resulted in the lowering of M-H levels by approximately 0.6 ft, and that any addi- 
tional deepening of channels would further lower the levels (2). Thus there has 
been considerable artificial downcutting in addition to any natural downcutting 
which may have occurred. 

A comparison of the stage-discharge relationships for the two 10-year pe- 
riods (ending 1887 and 1955) will provide an estimate of the effect of downcutting 
between the periods, if adjustments are made for changes caused by ice blockades 
and crustal movements. The stage-discharge relationships for the periods 1878 to 
1887 and 1946 to 1955, determined by the method of least squares from average 
annual values of M-H levels and discharge, are given as lines A and B respectively 
on Figure 2. The discharge values each year during both periods have been adjust- 
ed for the effects of ice blockades, and the levels during the second period have 
been corrected for the effect of crustal movement in the 68 years between the pe- 
riods. The difference between the lines is about 0.4 ft, which is an estimate of the 
effect of downcutting between the periods. However, it will be shown that the dis- 
charge values during the first period are much too high, and that line A should be 
replaced by line C, thereby indicating a much larger effect of downcutting. 

A consideration of the water balance of Lake Erie provides a reasonably 
accurate method of checking the validity of the outflow of M-H, especially since 
approximately 90 per cent of the average net total supply to Erie (1900 to 1959) is 
provided by the outflow of M-H. Lake Erie levels have been affected but little by 
any changes in the regimen of outflow from that lake, since the discharge through 
the Niagara River is controlled by a natural weir of rock. Also Freeman (3) indi- 
cated that the Niagara gaugings were the most successful example of gaging the 
flow of a great river with extreme precision that has ever been made. Further- 
more, obstructions by ice have very much less effect on the discharge of the Ni- 
agara River than in the outlet channel of M-H (3). 

The difference of the average yearly M-H outflow (not including diversion 
at Chicago) and total Erie outflow (including Welland Canal diversion) for the peri- 
od 1900 to 1959 was over 22,000 c.f.s., while for the period 1875 to 1899 it was less 
than 8,000 c.f.s. (The Erie basin would appear to have supplied only 3 1/2 per cent 
of the average yearly outflow of Erie during the earlier period, compared with ap- 
proximately 10 per cent in the later period.) Since the difference in outflow is a 
close approximation of the water yield of the Erie basin (due almost entirely to 
precipitation minus evaporation), the smaller value of average outflow difference 
in the earlier period is not reasonable, in view of the higher rainfall in the Erie 
basin during that period.* 





*Day’s precipitation data (1), 1875 to 1924, used in this study. Data for 1925 to 1952 com- 
puted by using as nearly as possible the same stations, 21 in number, as used by Day. The 


precipitation in the Erie basin for the year 1888 should be 30.62 in, instead of 40.62 indicated 
in Table 5 of (1). 
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This discrepancy is also revealed in a comparison of the data for the net 
basin supply, or water yield, of the Erie Basin. [Net Basin Supply is defined as 
outflow minus inflow plus change in lake level (storage), or NBS = 0 - 1+S.] The 
average yearly value of the NBS for Erie for the period 1900 to 1952 (no values 
available after 1952), was in excess of +2.5 ft, while for the period 1875 to 1899 it 
was less than +1 ft (depths in ft on lake). These values are equivalent to average 
yearly outflows from Erie of approximately 22,000 c.f.s. and 8,000 c.f.s., respec- 
tively. 

Since the NBS values are derived from observed or computed values of O, I, 
and S, the equation balances for O, I, and S with the values of NBS indicated above. 
But, since it has been shown (3) that values of O for Erie are apparently accurate,* 
and since there is little reason to question the values of S (computed from records 
of lake level), the too small values of NBS in the early period indicate that the I for 
Erie for the early period is too large. The I for Erie is the O for M-H, and since 
most outflow records are derived from rating curves or formulas based on meas- 
ured or assumed cross-sectional area of the outlet channel, the too large values of 
M-H outflow before about 1900 would appear to indicate that the cross-sectional 
area of the outlet system was less than assumed before that time. In this connec- 
tion Horton (4) pointed out that the determination of outflow from M-H prior to 
about 1898 required special study since changes in outlet conditions have taken 
place more or less progressively. 

To obtain a quantitative estimate of the correct outflow from M-H (inflow to 
Erie) prior to 1900, a regression equation was computed from the Erie data of 
1900 to 1952 relating NBS and precipitation (correlation coefficient 0.83, normally 
explaining approximately 70 per cent of the variance). With this relationship, and 
the precipitation values prior to 1900 (no values available prior to 1875), new NBS 
values were computed. The average for the period 1875 to 1899 was over 24,000 
c.f.s., which is substantially different from the 8,000 c.f.s. given above, and much 
more reasonable when compared with the 22,000 c.f.s. for the post 1900 period. 
The new NBS values for the period 1878 to 1887 were used in the NBS equation 
(with unchanged values of O and S) to compute new values of I for Erie, as indicated 
in Table 2. The stage-discharge relationship using these new values of outflow for 
M-H yields line C of Figure 2. (The discharge values were adjusted for the effect 
of ice blockades in the various years of the 10-year period.) The difference be- 
tween line B and line C is approximately 1.6 ft, which should be much nearer the 
effect of downcutting in the 68-year period than the value of 0.4 ft determined from 
line A. As indicated in column (7) of Table 2, the probable average annual dis- 
charge of M-H in the 10-year period 1878 to 1887 was 194,000 c.f.s., compared 
with an annual average of 193,900 c.f.s. in the 10-year period 1946 to 1955. There- 
fore, the difference of 1.6 ft in average levels of the two periods could not have 
been due to any substantial difference in discharge. 

It would be desirable to differentiate between the natural and artificial ef- 
fects of downcutting. Considering the drop of approximately 16 ft in M-H levels in 
2,500 years, we would obtain an average rate of 0.44 ft in 68 years as the effect of 
natural factors between the two peak periods. (The level of Lake Erie has appar- 
ently not changed significantly in the 2,500-year period, at least not in comparison 


*A correlation of Lake Erie levels and outflow (average annual values from 1860 to 1959), 
after corrections were applied to the levels for the effect of crustal movements, indicated a 
correlation coefficient of 0.97. Actually the relationship between levels and outflow is 
curvilinear, with the greatest departure from linearity for low values of discharge. 
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Table 2. Computation of Probable M-H Discharge, 1878 to 1887 
(all values in thousands of c.f.s.) 


(1) (2) (3) (4) (5) (6) (7) (8) 
Year Erie Erie M-H_ (2)-(3) S=NBS+I-O Computed I=-O+S-NBS Correction 


NBS Outflow Outflow (1)+(3)-(2) Erie NBS (2)+(5)-(6) For Ice 

1878 +16 224 208 16 0 +42 182 +7 
1879 +2 207 201 6 -4 +22 181 +4 
1880 +5 212 204 8 -3 +30 179 +4 
1881 +6 209 212 -3 +9 +30 188 +2 
1882 +12 229 212 17 -5 +22 202 +3 
1883 +9 224 220 4 +5 +30 199 +2 
1884 0 226 221 5 -5 +20 201 +6 
1885 +8 224 227 -3 +11 +29 206 +2 
1886 -3 226 223 3 -6 +21 199 +10 
1887 +4 224 218 6 -2 +19 203 +3 
Aver- 

age +6 220.5 214.6 6 0 +26.5 194 +4 


with the 16 ft lowering of M-H levels.) It is likely that the rate would have been 
greater in the early part of the 2,500 year period when the speed and volume of 
flow would have been substantially more, and before as large a delta as at present 
had been built up in Lake St. Clair. [In 1915 it was estimated that the delta had 
filled about one-fourth of Lake St. Clair (10).] It would, therefore, be expected that 
the amount due to natural factors would have been less than 0.44 ft in the 68-year 
period studied, and may even have been negligible, as indicated by Hough (5). 


DISC USSION 


This study has shown that a drop of approximately 1.6 ft in M-H levels ina 
68-year period can apparently be attributed to natural and artificial changes in the 
outlet control system of Lake Huron. A more precise determination is beyond the 
scope and purpose of the study. However, there appears to be little doubt that a 
substantial change was associated with downcutting, since all limitations appear to 
be quite minor in comparison with the magnitude of the indicated drop in levels. 

The principal limitation, in addition to the assumption concerning the ac- 
curacy of Erie discharge values, is the assumption that the relationship between 
Erie precipitation and NBS has not changed significantly with time. For example, 
it is possible that the water yield (or runoff) per inch of precipitation was less in 
the first 10-year period than in the second, because of the effects of deforestation 
and other changes. But even if the water yield of the Erie basin in the first period 
was Only 80 per cent of the computed NBS values for Erie, a value of approximately 
1.4 ft would be indicated for the effect of downcutting in the 68-year period, as de- 
termined by the difference between lines D and B of Figure 2. However, it is by no 
means certain that the water yield was less in the early period, for Freeman (3) 
could find no indication that the cutting off of the forest had any noteworthy effect 
upon lake levels, and Horton (4) stated that cultural changes in the Lake Erie 
drainage basin had probably caused a progressive increase in water losses and a 
corresponding reduction in runoff. 
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CONC LUSION 


A study of factors associated with the drop of more than 1.5 ft in M-H lev- 
els in a 68-year period has shown that little, if any, could be accounted for except 
by a consideration of changes in outlet channel conditions. Although there may be 
reason to question certain aspects of the analysis and data employed, the results of 
the study indicate the possibility that natural and artificial downcutting of the outlet 
control system of Lake Huron has been responsible for practically all of this low- 
ering of M-H levels. 
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FORECASTING GREAT LAKES LEVELS 


Benjamin G. DeCooke 
United States Lake Survey 
Detroit, Michigan 


INTRODUCTION 


Throughout the recorded history of the Great Lakes, the fluctuations in 
their water levels have drawn much public attention, and the desire to have advance 
knowledge of these levels has steadily increased. In 1951, lake level forecasting 
studies were undertaken by the Lake Survey as a result of the relatively high lake 
levels occurring in that year and the fear that they might rise to even higher levels. 
These first studies, which were for the purpose of forecasting the seasonal high 
levels of 1952, were based upon judgmental consideration of ground-water condi- 
tions, stream discharge, precipitation, and extremes and averages of past lake 
level changes. Although the forecast of the 1952 seasonal high levels proved to be 
reasonably accurate, it was realized that development of a well-defined method of 
forecasting should be undertaken. Since that date, the Lake Survey has studied this 
problem continuously, first developing a seasonal forecast method, then a one- 
month forecast method, and most recently a forecast of end-of-month levels for 
six months in the future. The discussion in this paper of the development of the 
forecast method will confine itself to the most recent method developed, the factors 
considered in the forecast, and the accuracy of the forecast when compared with a 
forecast employing the average month-by-month change over the period of record. 


DEVELOPMENT OF CURRENT FORECAST METHOD 


It was realized at the outset of the forecasting studies that it would be ad- 
vantageous at the beginning to concentrate on one basin rather than the entire sys- 
tem. Hence, the current method employed by the Lake Survey for forecasting lev- 
els on all the Great Lakes was developed from an analysis of the factors affecting 
the supply to Lake Ontario. The Lake Ontario studies were of a three-phase na- 
ture, and centered about the relationship that the net basin supply (NBS) is equal to 
the runoff from the land area (R) plus the precipitation on the lake surface (P) mi- 
nus the evaporation from the lake surface (E). 

In the analysis of Lake Ontario runoff, which is a very complex phenomenon 
depending upon many variables, a mathematical correlation of historical records of 
runoff with the important variables affecting the runoff was chosen as the most ap- 
plicable method of forecasting runoff on a monthly basis. Since all factors affect- 
ing the runoff are not easily measurable, indexes were employed to represent these 


variables. The factors considered and the indexes which measure their variability 
are as follows: 


PRECIPITATION 


Since the areal coverage of precipitation stations in the Lake Ontario basin 
was good, the arithmetic average of selected stations was used as the index. 
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INTERFLOW, GROUNDWATER AND CHANNEL STORAGE 


Since observed stream flow would result from the depletion of interflow, 
groundwater, and channel storage if all inflow into the basin were stopped, the end- 
of-month flow from selected tributary streams was used as the index to represent 
these factors. 


WATER EQUIVALENT OF SNOWPACK 


The supply of snow available for melt and subsequent runoff in any given 
month was considered to be a function of the previous monthly temperature and 
precipitation and the current monthly precipitation. Hence, the index of the amount 
of snow-melt during the current month was selected as the current monthly tem- 
perature. 


SOIL MOISTURE REPLENISHMENT 


Since soil moisture replenishment is dependent upon precipitation and tem- 
perature over the basin, these factors were selected as the indexes of the loss of 
water to runoff due to soil moisture recharge. 


EVA POTRANSPIRA TION 


Based on Thornthwaite (1954) detailed analyses of plant processes, it was 
concluded that the monthly mean air temperature for the Lake Ontario basin was a 
good index for evapotranspiration losses. 

In addition to the above factors, such factors as interception and depression 
storage were considered. However, since interception loss varies seasonally, and 
depression storage is dependent upon soil type and intensity of rainfall, no index 
which adequately measures monthly variations of these could be determined and 
therefore were not included in the mathematical correlation of data. The multiple 
linear regression equations for computing monthly runoff into Lake Ontario which 
resulted from the mathematical correlation of data for the period 1934-53 are 
shown in Table 1. 

Analysis of the results of the mathematical correlation of data for each 
month of the 1934-53 period indicated that end-of-month flow from tributary 
streams (the index of interflow, ground-water, and channel storage) was more im- 
portant on an over-all yearly basis in computing observed monthly runoff than the 
current monthly precipitation. This is important since the end-of-month flow, as 
well as the antecedent monthly precipitation and the antecedent average monthly 
temperature, can be readily obtained at the beginning of the forecast period. 

To investigate the theory that the depth of precipitation over large bodies of 
water is less than the depth over adjacent or surrounding land area, a study of 
precipitation over northeastern Lake Michigan was instituted in 1952 by the estab- 
lishment of six island precipitation gages. The catches at the special island gages 
have been compared with the catches in a network of ten shore control stations 
(Blust and DeCooke 1960), and the findings used to establish overwater-overland 
relationship for utilization in the Lake Ontario forecasting method. 

Evaporation rates from Lake Ontario were computed by the water budget 
and mass transfer methods (Hunt 1958). From an analysis of the results, which 
differed only slightly, values obtained from the mass transfer computation of 
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evaporation adjusted for above and below normal temperature ranges were adopted 
for use in the forecasting of Lake Ontario levels. 

The summation of these three factors, runoff plus precipitation over the 
lake minus the evaporation, each month constituted the forecasted net basin supply 
to Lake Ontario. 

The degrees of relationship between the Lake Ontario observed runoff and 
the independent variables in combination as determined from the coefficient of mul- 
tiple correlation which resulted from the multiple regression analysis of runoff to 
Lake Ontario were utilized to develop the forecasting method for the other Great 
Lakes. The development of the forecast method on Lakes Superior, Michigan- 
Huron and Erie consisted of establishing a point-weight system, based on the 
monthly coefficient of multiple correlation, and establishing above and below nor- 
mal point ranges for the system. These point ranges were then used to select a 
monthly supply from a table which was based on the net basin supplies of record. 

The forecasting system which was briefly outlined above is employed by the 
Lake Survey to determine the supply used in forecasting the end-of-first month lev- 
el for each of the Great Lakes. The forecasts of the end-of-second through sixth 
month levels employ the average net basin supply of the period of record for each 
month as the forecasted supply. 


MAKING THE FORECAST 


The forecast of lake levels for each month of the six-month forecast for 
each of the Great Lakes is accomplished by routing the forecasted net basin sup- 
plies, as determined by equation on Lake Ontario and by the point-weight system 
on the other lakes, through the Great Lakes system employing the current methods 
of regulation on Lakes Superior and Ontario and the current equation of outflow 
from the other Great Lakes with adjustment made for the average ice retardation 
during the winter months. By employing the routing system, the effects of the cur- 
rent lake level and outflow conditions on each of the lakes are considered in the 
forecast. 

In making the forecast the services of the following agencies are employed 
to gather the necessary data: U.S. Weather Bureau, which supplies antecedent 
temperature and precipitation and advance information on its 30-day outlook of 
temperature and precipitation; the Meteorological Service of Canada, which sup- 
plies antecedent precipitation and temperature; the U. S. Geological Survey, the 
Department of Northern Affairs and National Resources, Canada, and The Hydro- 
Electric Power Commission of Ontario, Canada, which supply tributary stream 
end-of- month flows to Lake Ontario. A copy of the current forecast is available 
upon request from the U. S. Lake Survey, 630 Federal Bldg., Detroit 26, Michigan. 


ACCURACY OF FORECAST 


The forecast method which has been briefly described above has been em- 
ployed by the Lake Survey to forecast end-of-month levels on each of the Great 
Lakes since September 1958. Since forecasts made prior to that date were based 
on different systems, comparison with the prior periods cannot be made. How- 
ever, a comparison of average error under the current method with the error that 
would occur under a forecast method based on average change over the same period 
indicates that the current method is an improvement over the average change 
method on all lakes for the six-month period, except on Lake Erie. Lake Erie also 
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shows improvement for the first three months of the forecast; however, for the 

fourth through the sixth month no improvement over the average error is shown. 
A comparison of the maximum errors under the two systems also shows that the 
current method is an improvement over the average change method, with the ex- 


ception of Lake Erie. The magnitude of the error under the two systems is shown 
in Table 2. 


Table 2. Comparison of Errors 


Lake Superior Lake Michigan- Huron 
Forecast U.S.L.S. Average U.S.L.S. Average 
Month System Change System System Change System 
Ave. Max. Ave. Max. Ave. Max. Ave. Max. 
l .16 .38 15 32 15 49 19 -50 
2 .20 -46 22 46 229 .82 .32 .85 
3 .16 .39 .20 48 34 .99 45 1.04 
4 18 .40 .24 .66 40 1.13 05 1.21 
5 18 -44 25 45 49 1.26 -65 1.39 
6 16 .40 .30 -56 05 1.25 -74 1.33 
Lake Erie Lake Ontario 
1 .20 .39 22 45 .30 .93 .32 97 
2 31 74 .34 .69 .38 -79 42 1.08 
3 41 .80 42 .83 42 1.26 48 1.30 
+ 4 1.14 AT 1.22 42 1.29 .60 1.50 
5 62 1.15 49 1.04 47 1.65 .74 1.54 
6 65 1.21 47 19 55 1.44 .80 1.56 


CURRENT AND FUTURE STUDIES 


The Lake Survey is currently involved in a five-year project of study for 
improving the present methods of estimating and forecasting Great Lakes water 
supplies and hydrologic effects. The project consists of eight subprojects, the 
first being a summarization of existing knowledge of Great Lakes hydrology, and 
each of the other seven being a research project involving a particular phase of 
Great Lakes hydrology. The projects in this study which are related to the subject 
of this paper are as follows: Effects of Snowmelt on Great Lakes Water Supplies; 
Great Lakes Inflow from Runoff; Great Lakes Inflow from Groundwater Sources; 
Precipitation Quantities over the Great Lakes; and Evaporation from the Great 
Lakes. The results of these studies, as they become available, will be incorporated 


into the Lake Survey forecasting methods to provide the public with the most accu- 
rate forecasts possible. 
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MEASUREMENT OF HORIZONTAL DIFFUSION 
IN THE GREAT LAKES 


Vincent E. Noble 
Great Lakes Research Division 
The University of Michigan, Ann Arbor 


Abstract 


The results of measurements of the rate of dilution of the center of a dye patch are 
compared with the theoretical prediction of the diffusion, the Goldstein-Michelson, and the 
Joseph-Sendner equations. Comparison of the results of 24 experimental observations with 
the theoretical curves shows that the Joseph-Sendner equation provides the best prediction 


for the two-dimensional diffusion process with a diffusion velocity of approximately 1.0 
cm/sec, 


INTRODUCTION 


Until relatively recently, the turbulent diffusion process occurring in fluids 
has been described by specifying the empirically derived value of the diffusion co- 
efficient from the classical diffusion equation. It was recognized that turbulent 
diffusion processes could not be precisely defined by the diffusion equation, but it 
was felt that a sufficient approximation could be obtained by using an ‘‘effective’’ 
diffusion res 2 ome values of this diffusion constant, or ‘‘eddy diffusivity,’’ 


range from 71. 45 — =, (Moon, Bretschneider, and Hood 1957) for regions of the order 
of 660 yards in size, to a value of wee for regions of the order of miles in di- 


mension as encountered in the open sea paiiendued et al. 1948). 

Richardson and Stommel (1948) have considered the eddy diffusion process 
from both the theoretical and experimental points of view and have shown that the 
eddy diffusivity is not constant, but is a function of the distance from the center of 
the source of the diffusing material. Moon eft al. have shown that the eddy diffusiv- 
ity increases with distance measured along the length of a plume of fluorescein 
tracer, and Richardson and Stommel have shown that the eddy diffusivity may be 
replaced by the ‘‘diffusivity for nearest neighbors’? F(d) which is a function of the 
separation d of a pair of particles. The power law given by Richardson and Stom- 
mel is: F(d) = 0.07 d***. It is further shown that the eddy diffusivity may be ap- 
proximated by: F(c) = 3.03 A, where o is the standard deviation of a cluster of 
particles, and A is the eddy diffusivity. 


The diffusion constant appearing in the classical diffusion equation 
vy C===> (1) 


is not a constant, but varies with the scale of the diffusion process. A second fail- 
ing of the diffusion equation is that, for a given initial condition, the diffusion equa- 
tion predicts an instantaneous increase in the diffusant everywhere in an infinite 
diffusion field for all times greater than zero. The diffusion equation thus predicts 
diffusion with infinite speed. 

Michelson (1954) extended a hyperbolic diffusion equation proposed by Gold- 
stein (1951) which was based on a stochastic analysis of the random-walk in which 
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a tendency for flights to persist in their direction is taken into account. The Gold- 
stein- Michelson equation has the form: 


_ £26. 5 Oe 
VCD atv (2) 


This is the same equation as the one used to represent the maximum velocity of 
heat transmission (Morse and Feshbach, 1953). 

The solution of the Goldstein-Michelson equation is a damped wave which 
travels with the velocity V'. Once the time required for the wave to reach the point 
in question is exceeded, it is presumed that the diffusion equation applies. However, 
neither the Goldstein-Michelson equation nor the diffusion equation lead to the con- 
cept of a diffusivity for nearest neighbors as required by the work of Richardson 
and Stommel. 

Joseph and Sendner (1958) have treated the problem of horizontal diffusion 
by considering the random motion of particles in the diffusion field and have de- 
rived the following diffusion equation for horizontal diffusion in the sea: 


ac _1 2 (vr" actr, 9) on 
od ror \ 2 at 


where V is the mean velocity of diffusion and r is a linear measure of the diffusion 
field. The Joseph-Sendner equation leads to the concept of neighbor diffusion as 
postulated by Richardson and Stommel, and, with proper consideration of the scale 
of the diffusion field, can account for a spread of the eddy diffusivity over a range 


2 
of 10* to 10° = with a constant velocity of diffusion equal to approximately 1 


cm/sec. 

It is the purpose of this paper to show that the wide range of values report- 
ed for the eddy diffusivity is probably a result of fitting experimental observations 
to simplified forms of the diffusion equations without exercising due caution with 
regard to the time and space scales involved in the diffusion processes. Further, 
the predictions of the diffusion, Goldstein-Michelson, and the Joseph-Sendner equa- 
tions are compared with the results of measurements of the rate of dispersion of 
circular dye patches of the order of 100 yards in diameter, and it is concluded that 
the Joseph-Sendner equation provides the best prediction of the two-dimensional 
diffusion process (when the diffusion velocity is taken to be approximately 1 cm/sec). 


EXPERIMENTAL METHOD 


A fluorescent dye, Rhodamine B, was introduced into the surface water of 
Little Traverse Bay of Lake Michigan, and the subsequent rate of dilution of the 
dye was measured with a fluorometer (Noble and Ayers 1961). The tracer was a 
stock solution of 40% Rhodamine B in acetic acid diluted with approximately six 
parts of methanol to obtain a dye tracer with a specific gravity such that the dye 
would remain in the upper portion of the water. During these experiments, the dye 
stayed within 10 ft of the surface, with the major portion of the dye staying in the 
upper 3 feet. 

After the introduction of the dye, the research vessel was turned, given a 
small amount of forward way, and coasted thru the center of the dye patch while 
dyed water was pumped continuously thru the fluorometer. Passes were made at 
approximately ten minute intervals to read the concentration of the dye as a func- 
tion of time. The maximum readings obtained on each pass were considered to rep- 
resent the center of a circular dye patch diffusing uniformly into an infinite plane. 
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The time-dependent dilution curve in 
Figure 1 is representative of 24 observations. 
The curve is described by: 





C(t 
log a =-At (4) 29 JULY 
16” ff PLUME RECHARGED AT A,8. 
where A= 1/T loge (5) a 
6? 
Therefore: C(t) = e-t/T (6) 
Co 


The average value of T is 14.4 min with a range 
of values falling between 8.6 min and 29.8 min. 


OYE CONCENTRATION 


THEORETICAL MODEL 


The dye is assumed to be deposited as a 
circular patch of radius b and to diffuse outward 10 O30 0 180200280 
isotropically into a two-dimensional infinite een 
plane. The experimental curve will be compared 
with the predictions of the diffusion, Goldstein- 
Michelson, and the Joseph-Sendner equations to 
determine values for the parameters appearing 
in these equations and to determine which of the 
equations provides the best basis for the prediction of horizontal diffusion in the 
water. 

The three diffusion equations are solved for the case of two-dimensional 
diffusion of a circular dye patch in appendices A, B, and C, respectively. The so- 


lutions for the dye concentration at the center of the dye patch as a function of time 
are: 


Fig. 1. Experimental decrease 
of dye concentration (typical 
curve). 


Diffusion equation: 


TD 

Cy. - 

Co l-e (7) 
where C,, is the initial dye concentration, and Tp is the diffusion time constant 
which is given by 

b? 
™D Dp (8) 


In these equations, b is the radius of the initial dye patch, and D is the diffusion co- 
efficient, (the eddy diffusivity). 


Goldstein- Michelson equation: ° 
‘ai 
? 


C(t) _ G t \2 
—_ ""* Sinh ag Fe -1l+ 





(9) 
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where Tg is the Goldstein-Michelson time constant and is given by 


b 
74" (10) 


where V' is the velocity of the diffusion wave, and ag is the Goldstein- Michelson 
diffusion parameter which is given by 


bv' 
aG * 3D (11) 


Joseph-Sendner equation: 


(12) 


(13) 


where V is the mean velocity of diffusion. 

Figures 2, 3, and 4 give the time-dependent solutions for the concentration 
at the center of the dye patch as obtained from the diffusion, Goldstein-Michelson, 
and the Joseph-Sendner equations, respectively. The calculated curves, Figures 2, 
3, and 4, are plotted on a semi-logarithmic scale as a function of the respective 
time-constants, and the slope of the curves are compared with the slope of the 
semi-log plot of the experimental curve, Figure 1. The values of the time constants 
are then evaluated so that the slope of the calculated curves will agree with the 
slope of the experimental curve in real time. This evaluation of the time-constants 
thus determines the values of the diffusion coefficient and diffusion velocities which 
appear in the theoretical models, and provide a basis for the selection of a ‘‘best 
fit’? to the experimental data. 

The significant observation is that none of the calculated solutions have a 
straight-line portion of the dilution curve. Even the portions of the curves in Fig- 
ures 2, 3, and 4 that appear to be straight are still convex downward, with the curve 
itself having a continuously decreasing slope. The problem, therefore, is to deter- 
mine which slope of the calculated curve is to be adjusted to fit the slope of the ex- 
perimental curve in real time. The evaluation of the slope of the theoretical curve 
determines the value of the calculated time constant. The value of the time con- 
stant, in turn, prescribes the value of the diffusion constant and diffusion velocities 
appearing in the theoretical models. 

There are no unique values of the diffusion parameters which may be ob- 
tained by comparing the theoretical curves with the experimental data. 

As stated in equation 4, the slope of the experimental curve is given by: 


log Se = - at (14) 


The slope of the straight-line approximations to the theoretical curves, as indicated 
by the dashed lines in Figures 2, 3, and 4, are given by: 
Cj (t) t 
log —"S Bj 7 (15) 
By equating the slopes of the theoretical curves with the slope of the experimental 
curve, the theoretical time-constants are determined from the relation 


_ Bi (16) 
Ti = = 
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Fig. 2. Dilution at center of dye patch as predicted by diffusion equation. 
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Fig. 3. Dilution at center of dye patch as predicted by Goldstein- 


Michelson equation, 


where A.y, = .03/min. 


The value of the diffusion coefficient and diffusion velocities defined by the 
selected straight-line approximations to the theoretical curves are indicated in 
Figures 2,3,and 4. The initial radius of the dye patch was taken to be one foot in 
calculations. From the diffusion equation, D = 244 cm*/sec; from the Goldstein- 
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Michelson equation, V' = 26.4 cm/sec (the value of D is indeterminant from the 
G-M equation); from the Joseph-Sendner equation, V = 1.0 cm/sec. 

The theoretical curves are plotted as a function of real time and compared 
with the experimental curve in Figure 5. The diffusion coefficient, D, was taken to 
be 244 cm?/sec in both the diffusion and the G-M equations. The diffusion velocities 
were taken to be 26.4 cm/sec and 0.3 cm/sec in the G-M and the J-S equations, re- | 
spectively. The Joseph-Sendner diffusion velocity of 0.3 cm/sec was selected to ft 
obtain a better fit to the experimental data than would have been provided by the ar- 
bitrarily chosen value of 1.0 cm/sec shown in Figure 4. 

The compression of the theoretical curves which arose as a result of plot- 
ting the curves as a function of real time demonstrates the curvature and decreas- 
ing slopes of these curves for long times. By defining a straight-line approxima- 
tion to the theoretical curve which is to represent the experimental data, there is 
only one condition being imposed on the theoretical solution: the slope of the tan- 
gent to the curve is equal to the experimental slope at only one point in time. It is 
possible, for example in the case of the diffusion equation, to select a value of the 
diffusion coefficient which will make the starting and ending points of the theoreti- 
cal and experimental curves agree with each other, but there will still be a strong 
disagreement about the mid-point of the diffusion process. This fitting of two 
points of an experimental curve to the theoretical model is the cause of the wide 
variation of the diffusion coefficients previously reported in the literature. 

Figure 5 shows that neither the diffusion nor the Goldstein-Michelson equa- 
tions provide even a reasonable approximation to the experimental dilution data ob- 
tained in this series of experiments. 

The Joseph-Sendner equation provides at least a basis for a working approx- 
imation to the experimental data. This approximation may be improved if proper 
consideration is given to the time lag between the initial setting of the dye patch 
and the first pass of the research vessel thru the dye patch. During this first pe- 
riod (approximately three minutes) the dye is rapidly diluted by a factor of 1000 as 
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computed from the concentration of the stock dye 
solution. If the initial point of the empirical curve is 
oe ee —_— taken to be 10-*, and the Joseph-Sendner velocity is 
“~ ws seecars* taken to be 1.0 cm/sec, slightly better agreement is 
obtained between the theoretical and the empirical 
curves. However, due to the relatively short period 
of observation of the dye patches, the experimental 
data are not adequate for this precision in the esti- 
mate of the diffusion velocity. 
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Fig. 5. Comparison of ex- 
perimental and theoretical 
dilution curves for concen- 
aa tration of dye at the center 
0 0 wee motes of dye patch. 





SUMMARY 


This experiment demonstrates that the Joseph-Sendner equation provides a 
better estimate for the prediction of turbulent diffusion than do the diffusion or the 
Goldstein-Michelson equations. Further, the most probable value of the diffusion 
velocity is in the range of 0.3 to 1.0 cm/sec. 

Olson (1952), and Ichiye and Olson (1960) present the results of experimen- 
tal observations which demonstrate agreement with the concept of neighbor diffu- 
sivity as proposed by Richardson and Stommel. They show an agreement with the 
4/3 power law over a range of 10 to 10° cm. The Joseph-Sendner equation predicts 
a neighbor diffusivity with approximately the same properties. 

On the other hand, Bourret and Broida (1960) describe experimental data 
which indicate that the Goldstein-Michelson equation provides a slightly better pre- 
diction of horizontal diffusion for small-scale regimes than does the Joseph-Send- 
ner equation. 

The present experiment demonstrates that the Joseph-Sendner equation pro- 
vides a better basis for the prediction of horizontal diffusion than do the other two 
commonly used equations, with a single diffusion velocity of approximately 1.0 
cm/sec being valid for all scales of diffusion processes. Verduin (1961) has re- 
viewed the data presented by Olson and Ichiye and has conducted additional experi- 
ments which demonstrate that discrete particles show a separation rate cf the order 
of 1 cm/sec. 

This experiment also demonstrated a strong anisotropy in the horizontal dif- 
fusion process. In one instance, with zero wind, the dye patch moved in the open 
lake with a velocity of one knot. The dye patch was elongated in the direction of 
motion with a length-to-width ratio greater than three. The length of the patch was 
approximately one hundred yards before it became too diffuse to follow. 

These experiments must be extended in both space and time by using a more 
concentrated initial dye patch in order to get a more detailed concept of the accu- 


racy of agreement between the prediction of the Joseph-Sendner equation and the 
empirical data. 
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APPENDIX A 


Solution of the diffusion equation for the diffusion 
of a circular dye patch into an infinite plane. 


The diffusion equation has been solved by the use of Green’s function (Morse 
and Feshbach, p. 857). The two-dimensional diffusion equation 


1 aC (r, t) 
D ot 


is to be solved subject to the initial condition 
C (r,0)=Cy 0< r<b, (t =0) 
and subject to the boundary condition 
C=0 rao (all t) 
The Green’s function is defined by the relation 


_ 1G (fe, t; 2, &) 
D ot 


Vv’ C(r, t) = (A-1) 


v’G (r, t; r’, t') =6(r-r') 6(t - t') 


subject to the homogeneous boundary and initial conditions 
G=0 onS 
G=0 ift< t' everywhere in R 


The solution of the diffusion equation is given in terms of the Green’s function by 
the expression 


C(x, t)=2 f G(r, t 2, 0) C(x’, 0) at (A-3) 
R 


where the Green’s function for the two-dimensional infinite domain is given by 


lr - r'/? 
1 "@Det- 


opt la. 
6G, 2, ©) amjt-t|° 


(A-4) 
The solution for the concentration at the center of the dye patch reduces to 


2 
4g 
b— 


Co ™ a 
C@o°am ! J r’ dr’ dé 


and the solution to the problem is: 


-b* 
C (0, t) = Cy - in| 


APPENDIX B 


Solution of the Goldstein-Michelson Equation for the diffusion 
of a circular dye patch into an infinite plane. 


The Goldstein-Michelson equation has been solved by the use of Green’s 
Function (Morse and Feshbach, p. 865). The two-dimensional Goldstein-Michelson 
equation 
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veo 2. J 2 (B-1) 

is to be solved subject to the initial condition 
C (r, 0)=Co 0<r<<b, (t = 0) 
and subject to the boundary condition 
C=0 r= (all t) 
The Green’s function is defined by the relation 
v°G (r, t; r’, t’) - finger. 3 eeer.e. - 4n6 (r - r') 6 (t - t') 
(B-2) 


subject to the homogeneous boundary and initial conditions 
G(r, t; r', t')=OonS 
G=0 ift< t' everywhere inR 


The solution of the G-M equation is given in terms of the Green’s function by the 
expression 


C (r, t) “ap f(s (r, t; r', t') C (r', ty 29 ar" 


' ' . ! ? t 
+a J fo te, tot, 0) EOD coer, oy) SG LY) a 
R 





at’ at" 
(B-3) 
where the Green’s function for the two-dimensional infinite domain is given by 
vr 
avte 2D { v' ( 
G2 (R, T) = —————_ u (V'T -- p)_ 11. + 2 Sinh’ |i Vv"T? || 
VV"T? - p | 


(B-4) 
where 
T=t-t' p=|r-r'| 
and u (V'T - p) is the step-function u (x) = 0 x< 0 
1 2566 
The solution for the concentration at the center of the dye patch reduces to 


1 ' t ' 
C00, ) = gap L Col") [G (0, & x t') js = 9 a7 
1 Q ' t . t ' t 
ave) La CO.) oe oF Ot ry _ 9 (B-5) 
1 +, | 8G (0, t; r° ‘) dr’ 
” Give J Co (r") at’ t' =0 


Particular care must be exercised in the evaluation of the above integrals which in- 


clud i 
ude the terms E C @, e) t'=0 and a G (0, t; r' t' =0" These functions 
are the derivatives of step-functions and take the form of delta-functions which must 
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be approached with extreme caution when determining the limits of integration. The 
is taken to be 


initial derivative of the concentration function E Cc’, t) tt = 0? 
0 
3 C (r', t)| tt =9 7 V'Co 5 (b - r') 


After integration, with due regard to the limits of integration, the solution of the 


problem is 
C (0, t)=Co for (v't < b) 


vit I 
C (0, t)=Cog jl-e 2D Sinh ¥— Vit? - b? + pa PO V V'2t2 ~ b? 
} 2D Vit+b "2D 
for (V't > b) 
APPENDIX C 


Solution of the Joseph-Sendner Equation for the diffusion 
of a circular dye patch into an infinite plane. 


The Joseph-Sendner equation has been solved by the use of a Fourier-Bes- 


sel integral. The two-dimensional Joseph-Sendnér equation 


ac (r, t)_1 2 (e ac (r, t)) 
at ror \ 2 or 


is to be solved subject to the initial condition 
C (r, 0) =Co O0<rX<b, (t = 0) 
and subject to the boundary condition 
C=0 r =o, (all t) 
The solution is written as a Fourier-Bessel integral in the form 
V 
C (r, t)=2 oe Bf I(2KVF) 94 fc (¢,0) 22 2K) 
oO r oO E 


Edé 


where 
C(t, 0) =Cy 0o<&E<b 
=0 E>b 


Performing the first integration: 


co = K? pf t 
Clr, t)=2Cgb fe 2 2 (2KVr) de (2KVb) yay 


Oo vr b 


lim Ji (2Kvr) _ | 
r-0 vr 


the concentration at the center of the dye patch becomes 
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co -K? ; t 
C (0, t)=2C,b f e J2 (2K vb) KdK (C-5) 
oO 


The integral in (C-5) is evaluated by the method given in Watson (1944) with the re- 
sult 


eo 
m- 2b\™ 
c (0, t) i 1+ 4) (c-6) 
and the solution to the problem is: 
_ 2b 
C(0,t)=Co ji-e “* (1+) (c-7) 
REFERENCES 


Bourret, R. and S. Broida, 1960. Turbulent diffusion in the sea. Bull. of Mar. Sci. of the 
Gulf and Caribbean, 10(3): 354-66. 

Goldstein, S, E., 1951. On diffusion by discontinuous movements and on the telegraph equa- 
tion. Quar. J. Mech. and Appl. Math., 4(2): 129-56. 

Ichiye, T. and F, C. W, Olson, 1960. Uber die neighbour diffusivity im Ozean. Deutsche 
Hydrographische Zeitschrift, 13(1): 15-23. 

Joseph, J. and H, Sendner, 1958. Uber die Horizontale Diffusion im Meere. 
drographische Zeitschrift, 11(2): 49-77. 

Michelson, Irving, 1954. Discussion and extension of Goldstein mathematical model repre- 
senting diffusion with hyperbolic partial differential equations. Amer. Inst. Aerolog. 
Res. Report under contract AFI 8(600)-476, Jan., 1954. 

Moon, F, W., Jr., C. L. Bretschneider, and D. W. Hood, 1957. A method for measuring 
eddy diffusion in coastal embayments. Inst. Mar. Sci., vol. IV, no. 2, pp. 14-21. 

Morse, P, M, and H, Feshbach, 1953. Methods of theoretical physics. McGraw-Hill Book 
Co., New York, p. 865. 

Noble, V. E, and J. C. Ayers, 1961. A portable photocell fluorometer for dilution measure- 
ments in natural waters. Limnology and Oceanography. (Submitted for publication.) 

Olson, F.C. W., 1952. An empirical expression for horizontal turbulence. Florida State 
University Studies, No. 7. 


Richardson, L, F. and H, Stommel, 1948. Note on eddy diffusion in the sea. J. Meteor. 5, 
p. 238. 

Sverdrup, H, V., M. W. Johnson, and R, H. Fleming, 1948. The oceans: their physics, chem- 
istry, and general biology. Prentice-Hall, Inc., New York. 

Verduin, J., 1961. Separation rate and neighbor diffusivity. Science. 
tion.) 


Watson, G, N., 1944. A treatise on the theory of Bessel Functions. Cambridge, N. Y. 


Deutsche Hy- 


(Submitted for publica- 





Pubn. No. 7, Great Lakes Res. Div., Inst. Sci. and Tech., The Univ. of Michigan, 1961 


RESEARCH ON ENERGY EXCHANGE PROCESSES 
(Summer 1960) 


Donald J. Portman, Floyd C. Elder and Edward Ryznar 
Meteorological Laboratories 
The University of Michigan, Ann Arbor 


INTRODUCTION 


Several developments in theory and in measurement technology within the 
last decade have produced important gains in the knowledge of turbulence process- 
es in the atmospheric surface layer. One result has been the improvement in abil- 
ity to estimate from meteorological information the exchange of heat and water 
vapor between a body of water and the atmosphere. The exchange-coefficient hy- 
pothesis remains, however, as the basic model for determining turbulent transfer 
from average vertical distributions (profiles) of wind, temperature and water va- 
por. If it is assumed that universal relationships can be established for different 
regimes of turbulent flow, the exchange-coefficient hypothesis leads to the so- 
called bulk aerodynamic equations for broad application in estimating evaporation 
and heat transfer. The latter equations give fluxes of heat and water vapor from 
data on water surface temperature and air temperature, humidity, and wind speed 
at a single height above the water. 

Utility of the exchange-coefficient hypothesis has been limited by two re- 
lated questions: (1) the influence of buoyancy on vertical motions and, hence, on 
the wind profile, and (2) the relationships among exchange coefficients for heat, 
mass and momentum. For conditions in which the influence of buoyancy is not 
great, Monin and Obukhov (1954) have shown how the assumption of similarity be- 
tween heat and momentum transfer leads to analytical descriptions of observed 
wind and temperature profiles. If it is assumed, further, that the exchange-coeffi- 
cients for heat and mass are equivalent, or uniquely related, it is possible to com- 
pute momentum and heat transfer from measurements of wind and temperature at 
two heights. Similar ideas can be applied to momentum and water vapor. 

Priestley (1954) presented a relationship between heat fluxes and tempera- 
ture profiles for free convection and more recently (Priestley 1960) interpolation 
relationships for extending the Monin and Obukhov hypothesis from near neutral 
(adiabatic) to free convection conditions. His hypothesis provides a framework for 
computing fluxes from profile data for conditions varying from forced to free con- 
vection. 

Flux-profile relationships for stable stratification are considerably less 
well understood. It is not known to what extent the Monin-Obukhov model applies, 
for example, although it seems certain that it is not satisfactory at even moderate 
stability. 

Final proof of theoretical models depends on simultaneous measurements 
of fluxes and profiles. Adequate flux measurements are extremely difficult to ob- 
tain and, in fact, exist for only a relatively few cases over land. Profile measure- 
ment is not without serious problems also, but there exist equipment and techniques 
capable of sufficient accuracy to gain some understanding of turbulent transfer. 
The work described in what follows represents an attempt to test both theoretical 
models and measurement systems for relating profiles and fluxes. No turbulent 
flux measurements were made, however, so that the required evaluation must de- 
pend on internal consistency of measurements and of models. At the same time the 
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evaluation may be aided by a comparison of the computed turbulent fluxes with 
measured thermal radiation fluxes. 

In addition to profile and radiation measurements there were auxiliary 
measurements of (1) optical scintillation of a light beam traversing a 1} mile path 
about 2 meters above the water and (2) infrared radiation made from an aircraft. 
The scintillation measurements yield information on the scale of temperature 
anomolies in the turbulent flow, and the infrared measurements provide important 
data on spatial variability of water surface temperature. Finally, through the co- 
operation of the Michigan Air National Guard, high-altitude photographs of the ex- 
perimental area were obtained. The pictures, as illustrated by Figure 1, show 
wave patterns valuable for interpreting experimental results. 

The results given here are samples of the kind of information obtainable 
with the measurement techniques and models employed. It is intended to present 
the complete findings in a later paper. 


LOCATION AND INSTRUMENTATION 


Wind, temperature and humidity were measured with sensors mounted ona 
mast projecting 4 meters above the water at a point about $ mile west of the 
Charlevoix, Michigan, harbor entrance. Figure 2 is a vicinity map showing the 
site location at Charlevoix in relation to northern Lake Michigan and the north- 
western portion of the Lower Peninsula of Michigan. The nearest land in the 
northwest quadrant from the site location is Beaver Island at a distance of 30 
miles. Figure 3 shows the array of sensors being placed on an overwater section 
of the support mast standing in 35 feet of water. During measurement periods the 
tending vessel, the Great Lakes Research Division NAIAD, was anchored about 
100 ft downwind. The data logging system housed on the NIAID was connected to 
the sensors via underwater cables. 

The wind sensors, located at 0.5, 1.0, 2.0 and 4.0 meters above the mean 
water level, were light-weight, photo-electric, 3-cup anemometers manufactured 
by Thornthwaite Associates, Centerton, New Jersey. The anemometers and their 
counter circuits were identical to those described and discussed in a previous pa- 
per (Portman 1960). The anemometers were designed specifically for profile 
measurement. 

Thermocouple junctions, made of No. 36 Band S gage copper and constan- 
tan wires, were mounted at 0,5, 1.0, 2.0 and 4.0 meters in thermal radiation 
shields of the type described by Portman (1957). A fifth junction, protruding 
slightly from the bottom of a 6"' x 8" x 2" tethered floating slab of cork, measured 
the water temperature just below the surface. The latter was the only temperature 
measured directly; the other junctions were arranged to measure differences with 
respect to the water surface. 

Humidity was measured at the 0.5 and 4.0 meters with wet thermocouple 
junctions. A water reservoir was attached to each wet junction radiation shield and 
several fine cotton threads leading from the reservoir were intertwined and looped 
several times around the thermocouple junction. The junctions and shields were 
otherwise nearly identical to the dry units. Capillary action appeared to provide 
enough water to keep the junction sufficiently moist. Frequent comparisons with 
Assman psychrometer measurements established the reliability of the wet junction 
measurements. 

The outputs of the temperature sensors were recorded with a Leeds and 
Northrup 16 point potentiometer recorder with a Leeds and Northrup, D. C. Am- 
plifier, Model 9835B serving as a pre-amplifier. Resolution of 0.01°C per chart 
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Fig. 1. High-altitude photograph of Lake Michigan near South Point, Charlevoix, Mich- 
igan. (Dark figure on beach near point is truck housing scintillation recording gear.) 
Photo courtesy Michigan Air National Guard. 
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Fig. 2. Northern Lake Michigan and the northwestern portion of the Lower Peninsula 
of Michigan. The measurement site location was at Charlevoix, Michigan. 
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Fig. 3. Wind, temperature, and moisture profile mast and NAIAD research vessel. 


division was achieved for wet and dry junction temperature differences and 0.10°C 
per chart division for water surface temperature. The recorder was programmed 
to print the value of each input at 16 second intervals. Data processing included 
tabulation of one-minute averages for each of the six temperature differences and 
water surface temperature. These were averaged over the same time interval for 
which the average wind profiles were measured. 
Additional instrumentation consisted of an Eppley pyrheliometer for solar 

radiation and two Beckman and Whitley radiometers, one for total downward ther - 


mal radiation and the other for net radiation exchange one meter above the lake 
surface. 


PROFILE DATA 


Profile measurements were obtained on 20, 23, 27 and 28 July, when suita- 
ble wind directions prevailed. Figure 4 shows six one-hour average profiles ob- 
tained on 20 July between 1100-1700 EST. The sky was nearly overcast with 
cirrostratus. The wind at 4 meters was northwest at 3 to 5 mps and the waves 
were about 30 cm high, crest to trough, moving from the northwest. The lake sur- 
face was almost 2°C warmer than the air at 0.5 meter at the beginning of the 
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Fig. 4. Wind, temperature, and wet bulb profiles—Lake Michigan 20 July 1960. 


period and about 0.4°C warmer at the end. The average quasi-local Richardson 
number (Lettau 1957) for the period was -0.03 computed for the 0.5 to 4 meter 
layer. 

Both the wind and the temperature profiles show curvature characteristic 
of thermally unstable flow and the similarity expected if the model of Monin and 
Obukhov is to apply for computing heat transfer. The dashed curves representing 
wet-junction temperature profiles are free-hand sketches based on the observa- 
tions at two points and the curvature of the wind profiles. It is to be noted that the 
similarity principle implies logarithmic wind profiles in the adiabatic case, i.e., 
no curvature on logarithmic graphs of both wind and temperature. On the other 
hand, for stable stratification one should expect both profiles to show curvature 
opposite to that shown in Figure 4. Profiles measured on the other days of obser- 
vation show the expected characteristics for both adiabatic and stably stratified 
conditions, although most cases are not as clearly defined as those illustrated. 


FLUX COMPUTATION 


The turbulent transfer of sensible heat was computed with the separate flux 
models proposed by Monin and Obukhov (1954)* and by Halstead (1954)* for 85 
profiles obtained on July 20, 23 and 27. Water vapor flux was computed with the 
same basic models for 57 profiles measured on 20 and 27 July. The profiles rep- 
resent average conditions for time intervals varying from 5 to 30 minutes with 


*The work of Monin and Obukhov (1954) is summarized by Sheppard (1958) and that of Hal- 
stead by Lettau (1957). 
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most, however, ranging from 10 to 20 minutes. In addition, the bulk aerodynamic 
equation of Webb (1960) was used to compute evaporation for July 20 and 27. The 
results are summarized in the form of averages for lapse and inversion conditions 
in Tables I and I. 


Table I. Heat Transfer Computations 


Halstead Model Monin and Obukhov Model 


20 July 32 lapse profiles -0.014 ly min’ -0.016 ly min=* 
23 July 10 lapse profiles -0.003" " -0.005 " " 

18 inversion profiles 013" “™ +0.006"" " 
27 July 18 lapse profiles -0.015" ” -0.014" " 

17 inversion profiles +0.009" " +0.004" " 


Table II. Water Vapor Transfer Computations 





Halstead Model Monin and Obukhov Model 

20 July 32 profiles [53]0.38 x 10°gmcm~*sec * [63)0.34 x 10 °gm cm ’sec™* 
= 1.29107 in. day” = 1.16 x 107* in. day™ 

27 July 25 profiles (20.40 x10°gmcm™’sec * [53]0.26 x 10° gm cm~’sec™* 
= 1.36 x 107’ in. day™’ = 0.88 x 107* in. day~* 


The Monin and Obukhov equations for computing sensible heat and water 
vapor fluxes are, respectively: 


a 2 61 - G2 
H = pCpu, ae (1) 
a 2 41 - qz 
and es 6 Se (2) 
——— , k g (Zz - 21) (0: - 42) 
in which u, = (wes, ) & - uy) - a ( a (3) 
The notation is as follows: 
H = heat transfer (gm-cal/cm’sec) 
p = air density (gm/cm’*) 
Cy = specific heat of air at constant pressure (cal/gm deg) 
u, = friction velocity, given by Eqn. 3, (cm/sec) 
6 = potential temperature, (deg.) 
u = wind speed (cm/sec) 
E = water vapor flux (gm/cm’sec) 
q = specific humidity (gm water vapor/gm moist air) 
k = von Karman’s constant 
z = height (cm) 
a = empirical coefficient 
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g = acceleration due to gravity (cm/sec’) 
T = absolute temperature (deg) 
1,2 = subscripts denoting measurement heights 


Equations (1), (2) and (3) are derived, as indicated earlier, on the assumption of 
similarity in wind, temperature and water vapor profiles and of equivalence of tur- 
bulent transfer coefficients for momentum, heat and mass. From a large number 
of field observations, Monin and Obukhov deduced that the coefficient a had a value 
of about -0.6. Taylor (1960), however, found a value of -6.0 based on observations 
of Swinbank (1955) and a reanalysis of the data of Monin and Obukhov for only near - 
adiabatic conditions. A value of -6.0 was used for the computations. 

Halstead’s flux equations may be expressed, with same notation, as follows: 


2 
H = 1.41 Cop (ea) (ug - ur) (62 - 41) (4) 
E = 1.64 p (Geyer) (ue - U,) (q2 - qi) (5) 


They are based on the assumption of similarity in flux-gradient relation- 
ships for momentum, heat and water vapor and on the following definition of the 
momentum transfer coefficient: 


Ky = zku,. 

It is further assumed that the ratios of the eddy diffusivities equal the cor- 
responding ratios of the molecular diffusivities. Specifically, the ratio of the 
transfer coefficients for heat and momentum is assumed to be 1.41, the reciprocal 
of the Prandtl number, and the ratio of the transfer coefficients for water vapor 
and momentum is 1.64, the reciprocal of the Schmidt number. 

According to the results shown in Tables I and II, the two models give near- 
ly identical results for both heat and water vapor transfer in lapse conditions (heat 
transfer upward). However, in the inversion cases (heat transfer downward), the 
Halstead model results are on the order of 50 to 100% higher than those of the 
Monin and Obukhov model. 

Although there appears to be increasing evidence that the Monin and Obuk- 
hov model is satisfactory for lapse conditions not too far from adiabatic, Priestley 
(1960) and Ellison (1957) have discussed considerations which suggest that rela- 
tionships of this type are unlikely to be appropriate for inversion conditions. 
Lettau (1957), in discussing the Halstead model, suggests that the use of prefixed 
ratios of eddy diffusivities for heat and momentum and for moisture and momentum 
which would apply to both inversion and lapse conditions may lead to unreliable re- 
sults. The preliminary results of this investigation support the suggestions. 

The water vapor transfer computed with the above two models was compared 
to that obtained with the bulk aerodynamic equation proposed by Webb (1960). In 
the bulk aerodynamic method, the evaporation is calculated from measurements of 
water surface temperature and the relevant bulk properties of the air: wind speed, 
u, measured at a convenient height, a, and vapor pressure, e, measured at height, 
b. The formula used is of the form: 


E = (constant) (ug) (eg - ep) 





where eg, is taken to be the saturation vapor pressure at the temperature of the 
water surface. Using the wind speed at four meters, Webb proposes 


E = (1.44 107%) (ug) (eg - e4) 
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For both 20 and 27 July evaporation rates were computed to be 0.07 inches/ 
day as compared to an average rate of 0.12 inches/day from the Halstead and Monin 
and Obukhov flux equations. 


TOTAL ENERGY EXCHANGE 


Figure 5 shows the average energy exchange for two periods during which 
clear skies prevailed from noon to 2200 EST. Total hemispherical radiation shown 
in the figure includes both total incoming solar and atmospheric radiation. The net 
radiation exchange, measured at one meter above the air-water interface, is the 
difference between the total downward flux and total upward flux. The latter con- 
sists of reflected solar radiation, reflected atmospheric radiation (assumed negli- 
gible), and radiation emitted by the water. The net radiant energy must balance the 
sum of (1) the energy involved in the change of state of water at the surface, (2) the 
conduction of heat into the water, and (3) the transfer of sensible heat between at- 
mosphere and water. 

If fluxes directed toward the water are considered positive and those di- 
rected away negative, the radiation balance may be written: 


N = (I, + G) - (Ro + W) 
where: 


N = net radiational gain (+) or loss (-) by the water 


I, = incoming solar radiation, direct plus diffuse 
G = incoming atmospheric radiation 
Ro = reflected solar radiation 

W = emitted radiation from the water surface 


Values of G were obtained by subtracting I, values from those of total 
hemispherical radiation. Values of W were computed from water surface temper- 
ature measurements by means of the Stephan-Boltzman equation for black-body 
radiation. Ro thus became the only unknown in the net radiation equation and was 
computed as a residual. However, the method was approximate because of the 
small magnitude of Ro, especially near midday (-.01 to -.04 ly/min), and the rel- 
atively large magnitude of the other radiation fluxes. In general, the albedo 
(100 Rp/I,) values of approximately 3-5% near midday and 18-20% near sunset 
agree with those reported by Bauer and Dutton (1960) and Budyko (1956). 

An interesting feature of Figure 5 is the close correspondence of the net 
exchange (N) and the total solar radiation (I) curves in the early afternoon. 

Since Rg was very small in the early afternoon, the heat emitted by the water sur- 
face (W) approximately equaled the downcoming atmospheric radiation (G) with 
clear skies. Average values between 1200 EST and 1300 EST for the two after- 
noons were: G = +0.56 ly/min; N = +1.34 ly/min; I, = +1.39 ly/min; Ro = -0.02 
ly/min; and W = -0.59 ly/min. 

If values of 1.34 ly/min for N, -0.02 ly/min for Q, and -0.12 ly/min for E 
represent near midday conditions for the two days, the average heat storage rate 


of the lake was +1.48 ly/min. It decreased gradually throughout the afternoon and 
became negative at night. 


SCINTILLATION MEASUREMENT 


When a beam of light is directed through a turbulent atmosphere having a 
mean temperature gradient transverse to the direction of the beam, the light is 
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Fig. 5. Heat exchange over Lake Michigan, July 1960. 


distorted in a random fashion. To an observer at a distance, the light appears to 
change position and to fluctuate in intensity. Both variations are related to the 
thermal structure of the turbulence in the optical path. The optical effects may, 
therefore, be used to study turbulence characteristics over long paths. At the Uni- 
versity of Michigan Meteorological Laboratories, fluctuations in intensity, i.e., 
scintillation, have been exploited for information on the thermal microscale of tur- 
bulence and stability characteristics of shear flow near the ground. Because of the 
difficulty of establishing a secure and stable platform for delicate sensors over 
water, a long-path, shore-to-shore technique of acquiring turbulence information 
would appear to have distinct advantages in interaction studies. Test measure- 
ments to evaluate the system were made in conjunction with the profile-flux studies 
discussed above. 

The basic scheme of measurement is shown in Figure 6. The light source 
was a battery-powered spotlight, 22 inches in diameter, placed on the Charlevoix 
harbor pier. The telephotometer (upper left, Figure 6) was placed at the edge of 
the water at South Point, 13 miles directly west of the spotlight. The telephoto- 
meter consisted of a 3-inch refracting telescope with an attached photometer hav- 
ing a multiplier phototube as a sensor. 

The output of the telephotometer was supplied directly to an amplifier and 
recorder circuit designed to provide both the average intensity of the received light 
(the D.C. level) and the average amplitude of the sine-wave equivalent of fluctua- 
tions from the mean (the A.C. level). A convenient parameter, the ‘‘per cent modu- 
lation,’’ is defined as 100 times the ratio of the AC level to the DC level. 

For selected short intervals during measurement periods, the output of the 
telephotometer was recorded on magnetic tape. The system employed frequency 
modulation to record instantaneous deviations from the mean. Data processing and 
spectral analyses for a number of selected periods are underway. The spectra will 
be compared to similar measurements made over snow and grass-covered surfaces. 
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Fig. 6. Schematic of scintillation recording system. 


Preliminary results relating per cent modulation to mean stability conditions show 
characteristics consistent with those found over the other surfaces. 


AIRBORNE RADIOMETRIC MEASUREMENTS 


The flux-profile relationships usually employed for the atmospheric surface 
layer are based on the assumption of an infinite and statistically homogeneous in- 
terface. The testing of profile measurement techniques and theoretical flux models 
depends to some extent, therefore, on how closely actual conditions of homogeneity 
approximate those prescribed by the models. In addition, broad application of the 
bulk aerodynamic equations requires knowledge of the spatial distribution of the 
variables. One of the most critical variables for both aspects of the problem is 
the water surface temperature. 

Recent developments in airborne radiometry make it possible to map the 
surface temperature of large bodies of water with comparative ease and rapidity. 
The foregoing considerations led to a cooperative venture with the Infrared Labo- 
ratories of the University of Michigan, Institute of Science and Technology, to 
assess the accuracy of current techniques and to test their utility for the flux-pro- 
file experiments. 

A Barnes R-4B2 radiometer was mounted in a modified DC-3 aircraft. The 
radiometer had two thermistor detectors, one mounted without a filter for ‘‘black- 
body” response, and the other with a germanium filter to pass only radiation which 
had wavelength greater than 1.8 microns. The calculated angular field of view of 
the radiometer was 5 milliradians. Its sensitivity was sufficient to resolve tem- 
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i 
perature differences of 0.1°C but its absolute accuracy was limited to +0.5°C by 
the accuracy in measuring the temperature of the internal reference black body. 

The results for a flight made on July 20 at about 2100 LST are given in 
Figure 7 and Tables III] andIV. The radiometer trace corresponding to the path in- 
dicated in the photograph is shown. The temperature scale was calculated from the 
‘‘apparent’’ radiance, that is, the radiance measured at the radiometer. In the 
data reduction no attempt was made to account for effects of atmospheric absorp- 
tion or re-radiation and the emissivity of the water was assumed to be unity. 

The radiometric data may be compared with water surface temperature 
data obtained on the following morning by the standard bucket measurement tech- 
nique. Prior commitments for both the aircraft and the research vessel unfor- 
tunately prevented scheduling of simultaneous measurements. 


Table III. Radiometric Measurements 





Altitude 2,000 ft 2100 LST, 20 July 1960 
Location Apparent Radiant Temperature 
1. Lake Charlevoix 12.2 - 11.7°C 
2. Lake Michigan - Breakwater entrance 10.2°C 
3. Lake Michigan - 1 mile from shore 11.0°C 
4. Lake Michigan - 30 miles from shore 9.1°C 


Table IV. Surface Temperature Measured by ‘‘Bucket’’ Technique 


Morning, July 21, 1960 


Location Measured Temperature 
1. Charlevoix Breakwater entrance 16.4°C 
2. Lake Michigan - 0.5 miles out 16.0°C 
3 . -1.0 " » 16.2°C 
a = cio " 16.2°C 
ie. vs <a0 ™ " 16.3°C 
6 et re -2.5 " . 16.2°C 
7 " % -3.0 " ” 16.1°C 
8 e ok -3.5 " 16.0°C 
9 zt ” -4.0 " _ 15.9°C 


The 5°C difference between the radiometric and the direct measurements 
may be explained partially by the time of day at which measurements were made. 
Measurements on July 27 indicated, for example, a 4°C drop in surface tempera- 
ture between 1400 and 2100 LST. Another source of discrepancy may be that the 
bucket technique inadequately represents the true surface temperature. Reference 
may be made to the work of Ewing and McAlister (1960), who showed that due to 
evaporative cooling at the water surface the surface temperature may be up to 1°C 
cooler than that measured 15 cm below. Complete reliance on radiometric meas- 
urements cannot be made, however, until account is taken of atmospheric absorp- 
tion and re-radiation effects. Since the time of these experiments the radiometric 
equipment has been improved with a filter arrangement to discriminate between 
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radiations originating from the water surface and from the atmosphere between the 
surface and the radiometer. The summer’s experiments indicate that airborne 
radiometric measurements can provide the surface temperature information nec- 


essary, both for small scale profile-flux investigations and for large scale evapo- 
ration computations. 


CONCLUSIONS 


The following conclusions summarize the preliminary findings of this in- 
vestigation: 

1. The profile measurement method provided sufficiently accurate data 
most of the time. Some of the data, however, were questionable. The temporary 
supporting mast proved to be inconvenient and the cause of some difficulty in han- 
dling and mounting sensors. A permanent support would have facilitated the meas- 
urements thereby improving data reliability and accuracy. 

2. The profiles showed similarity characteristics typical of those found 
over land suggesting, therefore, that flux models based on the similarity principles 
would be applicable. 

3. The two models for computing fluxes of heat and water vapor appeared 
to yield reasonable and consistent results for lapse conditions. For inversion con- 
ditions the results are questionable. 

4. Results of the scintillation experiment are not yet available but the tech- 
nique shows considerable promise for studying turbulence over water. 

5. Airborne radiometer measurements offer a real advantage in determin- 
ing variations in water surface temperatures rapidly over a large area. The sys- 
tem should be particularly useful for future evaporation and interaction studies. 
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LITTORAL TRANSPORT IN THE GREAT LAKES 


L. Bajorunas 
U. S. Lake Survey, Corps of Engineers 
Detroit, Michigan 


Abstract 


Littoral transport has been defined as the movement of material along the 
shore in the littoral zone by waves and currents. In order to provide data required 
for the design and economic evaluation of small refuge harbors, the U. S. Lake Sur- 
vey conducted a study of the best method of estimating the rate of littoral transport 
along the shores of the Great Lakes. Old surveys of the shore line and near-shore 
hydrography were compared with the most recent surveys, the differences analyzed, 
and actual littoral transport rates determined. 

An equation was derived relating the littoral transport rate with wave energy 
based on the following concepts. First, the transport at a point along a straight 
shore is the summation of material picked up from the shore between an updrift 
barrier and the point. Second, the pickup of material is limited by the wave energy 
component normal to the shore, and the transport is limited by the wave energy 
component parallel to the shore. Third, the rate of additional material pickup is a 
function of that portion of the wave energy not expended in moving the littoral drift 
already in transport. 

Combining the above concepts mathematically, a transport equation was de- 
rived as follows: 


Q=aE," sin ag [1 - oe _ 


where, 


Q is the average annual rate in cubic yards of littoral transport at the 
downdrift end of a straight reach due to waves from one direction. 


E, is the annual deepwater wave energy from one direction in millions of 
foot-pounds per foot of wave crest. 


n is the exponent of wave energy and is believed to be a constant factor 
approximately equal to unity. 


a, is the angle between the shore line and the wave crests, which are con- 
sidered perpendicular to the wind direction. 


D is the length in miles of the shore between the point of transport and 
the updrift barrier. 


a and b are constants depending mainly on availability of shore material 
capable of transport and on properties of material in transport. For the 
Great Lakes shores with unlimited sand supply, these constants were 
found to be 19 and 0.023, respectively. 


The equation gave satisfactory results when tested by a comparison of com- 
puted values with transport rates observed in the Great Lakes, with the results of 
model tests, and with observations of wave directions producing maximum transport. 

A detailed paper on this subject was presented at the Seventh Conference on 
Coastal Engineering, August 1960, at The Hague, Netherlands, and has been published 
in the Proceedings of that conference. 
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THE HYDROGRAPHY OF SAGINAW BAY 
Alfred M. Beeton* and Frank F. Hooper? 


Abstract 


Three synoptic surveys were made of Saginaw Bay, Lake Huron, in June, Au- 
gust, and October of 1956 by the Michigan Conservation Department and the U. S. 
Bureau of Commercial Fisheries. Water samples, temperatures, and bottom sam- 
ples were taken at 53 stations. Water analyses were made for calcium, magnesium, 
potassium, sodium, sulfate, total alkalinity, total phosphorus, and conductivity. 

Low ion content Lake Huron water occupied most of the outer bay during each 
survey. A tongue of this water extended into the inner bay during the surveys, but 
its position shifted from the middle of the bay in June to the west shore in August, 
and then to the east shore in October. Saginaw River water, characterized by high 
ion content, extended along the east shore during the three surveys and occurred also 
near the west shore in August and October. Only slight differences were noted in the 
vertical distribution of any ion or conductivity. The percentage of river water in the 
inner bay decreased from about 30 per cent in June to 10 per cent in October. 

These surveys provided the necessary information on the distribution of 
river water in the bay for making estimates of flushing rates, lakeward transport of 
river water, and exchange between lake and river water. As in the case of marine 
estuaries, the river water was used as a tracer; however, the situation was re- 
versed with higher ion content Saginaw River water flowing out and low salinity wa- 
ter entering the bay from lakeward. The situation in some aspects is more com- 
plex than in the marine estuary, since very low salt concentrations had to be dealt 
with. The salt content of the diluting water, i.e., Lake Huron water, as well as that of 
the bay and river, had to be included in the calculations. In addition to the variability 
of river flow there was variation in the salt content of the river. Despite these 
complications, the methods used by Tully (1949), Ketchum (1950), and Ketchum, Red- 
field, and Ayers (1951) can be used to evaluate the circulation of this freshwater bay. 

During the period of peak river discharge it would take 113 days for a one- 
day accumulation of river water to move through the bay. The flushing time in- 
creased as the river discharge decreased in August and October. A flushing time of 
186 days was calculated from the annual average river flow and the distribution of 
river water in the bay as shown by the three surveys. 

Lakeward transport, i.e., the rate at which river water moves lakeward 
through the bay, was greatest in June and decreased with decrease in river dis- 
charge. Lakeward transport was not of the same magnitude, however, as the change 
in river flow. The rate of flow through the bay was affected by river flow, area of 
the cross section, and inflow of Lake Huron water. 

River flow carried with it an increasing amount of entrained lake water as it 
moved through the bay and out into the lake. Consequently, there was a compensa- 
ting inflow of Lake Huron water into the bay. The magnitude of this inflow was con- 
siderably greater than the river discharge. This relationship is best described by 
the transport ratio, i.e., the ratio of total volume moving lakeward to river volume. 
The volume of river and lake water moving lakeward was as much as 100 times 
greater than the river flow. 
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ON THE PROBLEM OF LARGE-SCALE WIND PATTERNS 
OVER COASTAL WATERS 


David L. Jones 
Meteorological Laboratories, 
The University of Michigan, Ann Arbor 


Abstract 


The problem of prognosticating winds over coastal waters of the Great Lakes is 
well known by meteorologists and lake operators alike. Large-scale wind patterns, 
however, control the horizontal mass motion of surface waters of the lakes. Others 
have shown that in shallow waters, for example, currents respond to wind changes 
in as short a time as two hours, The response is much longer over the open lakes, 
but the initiation and maintenance of surface water circulation is due to the wind. 

The hypothesis is made that, if the historical wind field is known over a lake, a 
close approximation to the current pattern can be derived from available wind data. 
Direct measurements of water currents are used for verification of the technique 
developed here, but they are infrequent and discontinuous in time. Wind data, on 
the other hand, are available contiguous to the lakes on a frequency of at least once 
per day for the past half-century. The success in deriving past currents is directly 
dependent on the spatial density of wind data. Where current information is desired 
at locations between historical meteorological stations, interpolative techniques 
must be employed. 

The procedure used is the streamline-isotach technique to analyze the wind field. 
The method enables the analyst to make graphical interpolations of the wind at any 
point in the area under study. This is done by breaking the wind vector into its two 
scalar components, direction and speed. Equi-directional isopleths (isogons) are 
drawn at suitable intervals and an arbitrary number of line segments drawn across 
each isogon, each segment oriented in the direction of the isogon value. An arbi- 
trary number of streamlines are drawn tangent to the line segments to define the 
direction field. Isopleths of wind speed (isotachs) are constructed to define the 
speed field over the study area. Superposition of the isotachs and streamlines de- 
fines the wind velocity at any point within the limitations of data density. 

The current for a given day is postulated to be the result of an energy input to 
the water in the form of a total wind stress. The stress relationship used is that 
developed by Ayers, in which the total stress is the sum of n stresses over sever- 
al previous days multiplied by a logarithmic decay factor. Examples are shown to 
compute the current in which the model used accounts for 94 per cent of the total 
stress in the first four days prior to the day in question. Results are in good quali- 
tative agreement with currents deduced by the dynamic-height technique. It is con- 
cluded that, to a good first approximation for any point over a large lake, the pro- 
cedure provides a means for computing the current patterns at any time for which 
wind data are available. 

The procedure verifies more frequently over shores upstream in the wind field 
than over downstream shores. This is likely because of the meso-scale effects of 
the lake itself: (1) changes in the friction effects as the air passes over water, and 
(2) the thermal inequality between air and water creating widely different momen- 
tum regimes above the water surface. To incorporate these effects is an objective 
in improved versions of the technique to be developed in the near future. Quantita- 
tive results will be sought by computer techniques. 
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NUMERICAL COMPUTATION OF WIND TIDES 
ON LAKE ERIE 


George W. Platzman 
Department of Meteorology 
The University of Chicago 


Abstract 


The Ekman equations for the transient state of a large, enclosed shallow 
body of water are developed in an approximate two-dimensional form, similar to 
that used by Nomitsu (1934) and by Fischer (1959). The approximation procedure 
results in differential prediction equations for the integrated volume-transport 
vector and for the free-surface elevation, which take into account the effects of 
bottom friction and of the earth’s rotation. Since Lake Erie is a shallow sea (mean 
depth about 22 meters) for which the mean Ekman number is small, the effect of 
bottom friction is deemed important; and since the period of the lowest mode 
(about 14 hours) is close to the local inertia period, the effect of the earth’s rota- 
tion should not be ignored. However, the lake may be considered barotropic in 
most instances of extreme wind tide because the extreme cases occur mainly in the 
winter, when there is no well-developed thermocline. 

The prediction equations were established in a stable, finite-difference 
form suitable for high-speed computer, in which two interlocking lattices are cou- 
pled mainly by the Coriolis-force terms, as described elsewhere (Platzman 1959). 
The time derivative is approximated as a central difference with respect to the 
Coriolis-force and pressure-force terms, and as a forward difference with respect 
to the dissipation terms. Mesh lengths of about 14 kilometers in space and of 6 
minutes in time were used. 

Hourly lake-level data are available for Toledo (at the western end of the 
lake) and for Buffalo (at the eastern end of the lake), as well as for several other 
stations. These data were examined for the twenty-year period 1940 through 1959; 
in this period, 41 cases were found for which the Buffalo-minus-Toledo set-up ex- 
ceeded seven feet, and from these 41 cases nine were selected for numerical com- 
putation. Hourly wind data were obtained at six stations (Toledo, Sandusky, Cleve- 
land, Erie, Buffalo, Clear Creek) on or near the coast, for the five-day period 
centered on the day of occurrence of the maximum tide, in each of the nine selected 
cases. From these data a wind vector was interpolated at each hour at each point 
of the grid used for numerical computation; the corresponding stress was taken to 
depend quadratically upon the wind vector, with a stress coefficient equal to 4 x 107°. 
The latter value was found a posteriori to yield the best results taking the nine 
cases as a whole. It should be noted also that an eddy viscosity (for vertical mo- 
mentum exchange) equal to 40 cm? sec™, adopted on the basis of consideration of 
the observed decay rate of the lowest mode, was found to yield generally satisfac- 
tory results. 

The details of this work, together with the results of numerical computa- 
tion, will be published elsewhere. An example is shown in Figure 1. 
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PRELIMINARY INVESTIGATIONS OF NEAR-SHORE 
CURRENTS IN LAKE ONTARIO 


R. E. Deane 
Department of Geological Sciences 
University of Toronto 


Abstract 


Preliminary investigations of near-shore currents in the vicinity of Toronto, 
Ontario, showed that currents usually moved parallel to the shore in the same gen- 
eral direction as the wind. Variations from this pattern occurred mainly during 
periods of light, variable winds. 

Surface currents as well as those at various depths were determined. The 
deeper currents were generally in the same direction as those at the surface but 
decreased in velocity in direct proportion to distance below the surface. The 
strongest current measured was 3800 feet per hour under a wind of 25 mph. 

Currents were measured by drogues suspended from floats which were 
tracked by two transits at known positions on the shore. Currents to about 2 miles 
from shore can be determined by this method. 


OSCILLATIONS OF WATER LEVEL IN LAKE ERIE 


James L. Verber 
Ohio Division of Shore Erosion 
Sandusky, Ohio 


Abstract 


A detailed study of seiches in Lake Erie was made by the Ohio Division of 
Shore Erosion from 16 permanent water level recorders. The short period oscil- 
lations are due to a tilting of the lake surface principally produced by wind. 

As a result of the study several new concepts concerning the movement of 
water in the lake were uncovered. One, the nodal line is not stationary but shifts 
over a braod area which is called the Nodal Zone. Two, the node in Lake Erie can 
rotate around the lake, in circular fashion, when the proper wind structure is 
present. Three, seiches other than those occurring on the longitudinal or trans- 
verse axes are frequently found and are termed ‘‘oblique seiches.’’ 

Surges, fluctuations of large amplitude which have relatively short periods, 
occur frequently in Lake Erie. During May 1956 there were 107 such fluctuations 
shown on the Huron and Lorain recorders. These single and multiple waves did 
not appear to be associated with seiches or wind tides. Of the 107 waves found at 
both stations, 96% showed distinctive time lags. Only 39% of the waves appeared 
related to changes in atmospheric pressure, but all occurred when winds were in 


excess of 20 miles per hour. These waves may be due to storm fronts moving 
across the lake. 
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GEOLOGY 


BEDROCK GEOLOGY OF LAKE HURON 


Alan M. Cvancara and James C. Melik 
Department of Geology 
The University of Michigan, Ann Arbor 


Abstract 


An attempt was made to determine the bedrock geology of Lake Huron aided by bottom 
topography. A U.S, Lake Survey chart, at a scale of 1:500,000, was contoured using a con- 
tour interval of 20 feet. Eight geological cross sections, with accompanying lake bottom pro- 
files, were constructed approximately normal to the strike of the bedrock. Well logs, supple- 
mented by isopach maps, provided stratigraphic information. A geological map, as the 
combined result of stratigraphic information and existing topography, was constructed. 

Generally, topography cannot be applied readily to the delimiting of geological con- 
tacts. However, two long and rather conspicuous ridges appear to be significant. These 
ridges, extending northwesterly from southern Lake Huron to the vicinity of North Point, are 
interpreted as resistant bedrock escarpments. The northeastern escarpment is considered 
to be made by the Devonian Rogers City and Dundee formations; the near parallel escarpment 
to the southwest is believed to be an expression of the Devonian Traverse group. 


INTRODUCTION 


This study was undertaken as an attempt to delineate the distribution of 
bedrock units on the bottom of Lake Huron. It was assumed throughout this inves- 
tigation that prominent topographic features reflect differences in the underlying 
bedrock. Topographically high areas represent rock strata offering a greater re- 
sistance to erosion, whereas low areas reflect rocks of a comparatively lesser 
resistance to erosion. Minor topographic features, though not considered here, 
may result from a number of causes, among them glacial deposition and former 
drainage patterns. The study was limited to Lake Huron proper, exclusive of 
Georgian Bay and North Channel, 

Similar work has been done by Eveland (1948). He presented a generalized 
geological map, based mainly on topographic expression with little use of subsur- 
face stratigraphic information. Relatively little topographic detail was shown by 
his use of a contour interval of 100 feet. 

It should be pointed out that the application of topography to bedrock geology 
in Lake Huron was made prior to the work of Eveland. Grabau (1901, p. 53 and 
Figs. 5, 6, and 9) recognized an extensive northwest -southeast trending ridge and 
suggested it was capped by Devonian limestone. 

Hough (1958, Fig. 5) shows a map of the bottom topography of Lake Huron, 
also with a contour interval of 100 feet. He points out two main linear trends 
(p. 26) and assigns bedrock control to them. He suggests that the ridge to the 
northeast is supported by the Bois Blanc Formation, and an adjacent ridge to the 
southwest may be caused by rocks of the Rogers City Formation and Traverse 
group. 

The present study attempts to indicate Lake Huron geology in a somewhat 
more refined fashion, that is, utilizing more detailed topography and considerably 
more subsurface stratigraphic information. It should be mentioned, however, that 
this study is limited to the broad relationships of topography to bedrock geology 
and i$ not concerned with the detailed stratigraphy. 
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The writers express thanks to Dr. K. K. Landes, Department of Geology, 


The University of Michigan, for suggestion of the problem and for guidance during 
the investigation. 


PROCEDURE 


TOPOGRAPHY AND SUBSURFACE INFORMATION 


The base map used was the 1960 U. S. Lake Survey Chart No. 5 at a scale 
of 1:500,000. Fathom soundings were converted to elevations above and below 
mean sea level, using 580 feet as the mean lake level. Contouring was done with- 
out the use of mechanical means, at a contour interval of 20 feet. Figure 1, how- 
ever, employs an interval of 100 feet to avoid crowding of contours. 

Data for seventeen wells were obtained from actual well records; in some 
cases mounted chip logs were used in addition to well records. Table 1 shows the 
wells used and their locations. Isopach maps were consulted in projecting rock 
thicknesses between wells. 


Table 1. List of Wells Used and Their Locations 


MICHIGAN WELLS 


Number Name Location County 
1 Ormsbee No. 1 1-34N-2W Cheboygan 
2 Taylor No. 1 13-43N-1W Mackinac 
3 Nevins No. 1 18-32N-6E Alpena 
4 Fee No. 1 31-35N-6E Presque Isle 
5 Kreeton No. 1 17-41N-7E Chippewa 
7 Reinhardt Consol. No. 1 35-22N-2E Ogemaw 
9 Johnson No, 1 1-22N-8E Iosco 

10 Sillman No. 1 27-8N-4W Clinton 
11 Bateson No. 1 2-14N-4E Bay 
13 Watchorn and Wells 5-10N-9E Tuscola 
Comm. No. 1 
14 Stapleton No. 1 22-17N-15E Huron 
16 Burch No. 1 15-10N-15E Sanilac 
ONTARIO WELLS 

Number Name Location County 
6 Bay City Bank No. 1 Lot 2, Concession 8 Manitoulin 
8 Overfell No. 1 Lot 3, Concession 8 Manitoulin 
12 Fowlie No. 1 Lot 17, Concession 4 Bruce 
15 Semple No. 1 Lot 60, Concession A Bruce 
17 Trewartha No. 1 Lot 23, Concession 2 Huron 
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STRATIGRA PHY 


Bedrock geology of Michigan was obtained from Martin (1957), and of south- 
western Ontario from Sanford (1957). Liberty (1957) was consulted for the geology 
of Manitoulin Island (see Fig. 2). It should be remembered that since this general 
area of Lake Huron is on the northeast portion of the Michigan Basin, rocks gen- 
erally dip gently to the southwest. 

Discussion of stratigraphy is herein limited to those stratigraphic units 
believed to form ridges on the lake bottom and those rocks adjacent to these 
ridges. These, in descending order, are: 1) Antrim shale (Mississippian-De- 
vonian), 2) Traverse group (Middle Devonian), 3) Rogers City and Dundee forma- 
tions (both Middle Devonian), 4) Detroit River group (Lower Devonian), 5) Salina 
and Bass Island formations (both Upper Silurian), and 6) rocks of the Niagaran 
(Middle Silurian). 

In eastern Michigan the Antrim shale (Cohee et al. 1951), which overlies 
the Traverse group, consists essentially of hard, thin-bedded, brittle carbona- 
ceous shale. Its thickness increases from 130 feet in southeastern Michigan to 
500 feet in the northern part of the state. 

The Traverse group (Cohee 1947) in eastern Michigan consists mainly of 
argillaceous limestones and shales with some pure limestone. Chert, particularly 
abundant in the upper part of the Traverse, is common in some of the pure lime- 
stones and occurs in some argillaceous beds. 

In northern Michigan the Traverse group, in outcrop, is about 650 feet 
thick; it attains a maximum thickness of about 875 feet in the Saginaw Bay area, 
Rocks correlated with the Traverse group have a maximum thickness of 330 feet in 
Kent County, southwestern Ontario. In northern Michigan (Cheboygan County) the 
rocks of the Traverse group dip to the south at about 38 feet per mile, and in 
southern Michigan (Lenawee County) the rocks dip northerly, approximately 26 
feet per mile. 

In eastern Michigan the Rogers City and Dundee formations (Cohee and 
Underwood 1945) are essentially limestone, but locally may vary from limestone to 
dolomite. In widely separated areas in the eastern part of the state, a small 
amount of chert occurs in the basal part of the Dundee. The two formations have a 
maximum thickness of more than 475 feet in the Saginaw Bay area and thin grad- 
ually to the north and south. The Rogers City formation is not present in southern 
Michigan. In northern Michigan, the average regional dip of the two formations is 
about 37 feet per mile; the regional dip in the southeastern part of the state aver- 
ages about 29 feet per mile. 

Rocks of the Detroit River group, stratigraphically below the Rogers City 
and Dundee formations, consist principally of dolomite, anhydrite, salt (in the 
northern half of the Southern Peninsula), limestone, and sandstone (Landes 1951, 
pp. 2-3). The salt, zero to 400 feet in thickness, is confined to the upper part of 
the group. Thickness of the group ranges from zero to 1000 feet in eastern Michi- 
gan, 

The Salina-Bass Island section (Landes 1945b) varies from about 1000 to 
4000 feet in eastern Michigan and consists predominantly of salt, anhydrite, shale, 
and dolomite. The Bass Island, at the top of the sequence, is principally dolomite 
and is from 175 to 570 feet in thickness. The salt is interbedded with shale and 
dolomite throughout the Salina and has an aggregate thickness of zero to 1800 feet 
in eastern Michigan. 

The Niagaran in Michigan includes the Engadine dolomite, and Burnt Bluff 
and Manistique groups (Ehlers and Kesling 1957, Fig. 2). In southwestern Ontario, 
the Niagaran includes the Guelph and Lockport-Amabel as shown by Sanford (1957). 
The Niagaran (Cohee 1948), essentially dolomite, is about 500 feet thick in the 
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Northern Peninsula of Michigan and 100 to more than 400 feet in southeastern Mich- 
igan. In southwestern Ontario the Niagaran is 100 to 600 feet thick. 

A grouping of certain stratigraphic units, as used in this investigation, and 
correlation of rock units should be mentioned. These will be discussed in ascend- 
ing order. Unless otherwise stated, the following grouping is after that of Martin 
(1957). Ordovician rocks were not differentiated as they do not crop out on the 
bottom of Lake Huron proper. Within the Silurian Cataract group in Michigan were 
included the Manitoulin and Mayville formations. In Ontario the Cataract consists 
of the Manitoulin, Cabot Head, and Dyer Bay-Wingfield formations. The Silurian 
Niagaran of Ontario includes the Guelph-Lockport formations. In Michigan the 
Burnt Bluff and Manistique groups and the Engadine dolomite constitute the Nia- 
garan. The Silurian Salina and Bass Island have been combined as a single unit. 

In the Mackinac Straits area the Salina and Bass Island is equivalent to the Point 
aux Chenes and St. Ignace. 

In Michigan, the Devonian Sylvania has been included within the Bois Blanc 
formation. The Rogers City and Dundee formations in Michigan are equivalent to 
the Delaware limestone of southwestern Ontario. The overlying Traverse group 
can be correlated with the Hamilton of southwestern Ontario. The Antrim shale of 
Michigan includes the Kettle Point in Ontario. 


In Michigan the writers have included the Mississippian Sunbury within the 
Coldwater shale. 


CROSS SECTIONS 


Locations of cross sections depended on availability of suitable wells and 
the general strike of the bedrock (Figs. 3 and 4). Although there are numerous 
wells in Michigan, relatively few penetrate to a depth sufficient to show a complete 
section. Wells were chosen as near to the shoreline as possible. Additional wells 
were utilized further inland for the extension of sections to aid in the portrayal of 
regional dip. Wells were picked so as to have the sections cross approximately 
normal to the supposed strike of the bedrock. The strike of the bedrock beneath 
the lake was approximated by projecting the general strike on land. In Ontario, 
wells were not always favorably located with respect to those in Michigan for con- 
structing sections normal to the strike of the bedrock. This, and the relatively 
thin section of sedimentary rocks in Ontario, made difficult the physical correla- 
tion of rock units across the lake. 


DETERMINATION OF CONTACTS 


Contacts were determined by use of 1) topographic profiles, 2) thickness 
of rock units, and 3) regional dip. Prominent topographic features as seen along 
the lines of section were assumed to be the result of differential erosion of the 
bedrock. These differences in topography were correlated with bedrock units in 
wells, 

Thickness of rock units, coupled with the general regional dip, influenced 


the picking of contacts. General changes in thickness were obtained from isopach 
maps. 
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Fig. 1. Topography of Lake Huron. 
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Fig. 2. Bedrock geology of Lake Huron. 
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Fig. 4. Cross sections with profiles across Lake Huron. 
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TOPOGRAPHY AND ITS RELATION TO BEDROCK GEOLOGY 


Elevation of the lake bottom varies from 580 feet at the shoreline to minus 
170, which is equivalent to a depth of 750 feet. For simplicity, the bottom topog- 
raphy may be divided into areas of three main types. Basins of relatively gentle 
slope are in Saginaw Bay and the southernmost and northwestern portions of the 
lake. A belt of linear topography extends northwest-southeast through the central 
portion. Highly irregular topography, of knobs and closed depressions, occupies 
the northeast part of Lake Huron. 

It is widely accepted that glacial ice has occupied the Lake Huron Basin, as 
well as other basins of the Great Lakes. It would therefore seem probable that 
glacial deposits were left on the bottom of Lake Huron as the ice melted and moved 
northward. Lacking information as to the subaqueous distribution of glacial de- 
posits, it is assumed that prominent topographic features are primarily controlled 
by bedrock. Possibly certain minor relief features are the result of glacial action. 

Thwaites (1947) recognizes several ridges on the bottom of Lake Michigan 
which he believes are the result of resistant bedrock. Some rock units said to form 
ridges are (in ascending order): Niagaran, Traverse, Dundee, and Bois Blanc. In 
Lake Huron, the writers recognize two prominent ridges as being the result of re- 
sistant bedrock. These two prominent ridges, extending northwesterly from south- 
ern Lake Huron to the vicinity of North Point in the northern Southern Peninsula 
(see Fig. 1), are interpreted as bedrock escarpments. The escarpment to the 
northeast extends continuously from a point about 10 miles west of Kincardine, in 
southwestern Ontario, to about 20 miles north of North Point. This escarpment, 
having a relief of about 300 feet, is attributed to the Rogers City and Dundee for- 
mations. It can be seen especially well in Figures 3 and 4, cross sections 7-9-12 
and 10-11-12. Eveland (1948) assigns the northeastern ridge area to the Ulsterian, 
which includes those rocks limited stratigraphically by the Salina formation (be- 
low) and Traverse group (above). Hough (1958, p. 26) implies this ridge to be sup- 
ported by the Bois Blanc formation. The Bois Blanc formation (Landes 1945a) in 
eastern Michigan varies in composition from limestone to dolomite, with chert, 
and in thickness from zero to 1000 feet. The lithology, therefore, is favorable for 
the formation of a bedrock escarpment. The writers have no direct evidence for 
discounting Hough’s implication that the main, nearly continuous ridge, is sup- 
ported by the Bois Blanc formation. However, judging by symmetry of the outcrop 
pattern, and position of the ridge with respect to bedrock on the shore, the writers 
favor the Rogers City and Dundee formations as supporting this ridge. 

The other ridge, to the southwest, extends from a point 20 miles north of 
Kettle Point, in southwestern Ontario, to 30 miles east of Sturgeon Point. This 
ridge, about 100 feet high, is interpreted by the writers to be held up by rocks of 
the Traverse group. 

Also, it should be mentioned that the well-known Silurian Niagaran cuesta 
forms the northern and northeastern shores of Lake Huron. 

A belt of irregular topography, of mostly knobs and closed depressions, 
lies between the Niagaran cuesta and the main continuous ridge to the southwest. 
The writers follow Hough (1958, p. 27) for the explanation of the origin of the 
topography. Solution of salt in the Salina formation is believed to have caused 
collapse and faulting within the Salina and overlying formations. It is conceivable 
that this would result in highly irregular topography. Contacts were drawn so that 
the area of irregular topography was limited to the Bass Island and Salina forma- 
tions. 
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CONC LUSIONS 


It is concluded that topography may be useful, to a certain extent, for the 
delineation of bedrock on the bottom of Lake Huron. Two prominent northwest- 
southeast ridges are believed to be bedrock escarpments. Cross sections and 
topographic profiles were used to form this conclusion. The main continuous 
ridge to the northeast is believed to form the escarpment of the Devonian Rogers 
City and Dundee formations. Rocks of the Traverse group are assumed to support 
the adjacent ridge to the southwest. 
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INVESTIGATION OF BOTTOM CORES FROM NORTH AND 
SOUTH-CENTRAL LAKE SUPERIOR 


John R. Reid 
Great Lakes Research Division 
The University of Michigan, Ann Arbor* 


Abstract 


Ten bottom cores taken in north and south-central Lake Superior in 1953 were phys- 
ically and chemically analyzed. The dried cores are up to 190 cm in length and average about 
3 cm in diameter. The grain size of these cores varies from 100% clay size in the three 
cores near the deep basins of the lake to 100% sand in the one core closest to the shore. Ver- 
tical increases and decreases in grain size in one core appear to coincide with similar 


changes in other cores. This suggests the possibility of lake-wide changes in sedimentation 
conditions. 

In the lower portions of two of the deep-water cores there are glacial varves con- 
sisting of alternating light and dark gray seasonal layers. The light layers contain approxi- 
mately 55% more carbonate than the darker ones and thus are interpreted as the warm season 
layers. The darker layers, however, contain the pollen grains. It therefore apparently re- 
quired an entire season for the pollen to settle to the bottom of the lake. A change from high- 
ly contrasting light and dark gray clay layers at the bottom of the core to a more or less uni- 
form dark reddish gray sediment with occasional sand grains and granules near the top 
implies a gradual change in the depositional environment. The deposition is believed to have 
occurred approximately 8000 years ago. 


INTRODUCTION 


During the summer of 1953, a series of ten bottom cores were taken from 
the north and south-central parts of Lake Superior (Fig. 1) under the direction 
of Dr. James H. Zumberge and through the cooperative efforts of the U. S. Fish 
and Wildlife Service and the Great Lakes Research Institute.f The cores were ob- 
tained with a gravity coring rig which consisted of a weighted 5-foot length of 3- 
inch diameter pipe to which two 10-foot sections of 2-inch pipe were attached. The 
maximum core recovery was 8 feet. 

A cursory examination of these cores was made aboard the research vessel 
Cisco, and some x-ray and differential thermal analyses were later undertaken by 
A. A. Levinson at The Ohio State University. This author undertook a more de- 
tailed investigation during the fall of 1960. The primary purpose of the investiga- 
tion was to establish standards of analyses, in preparation for the deep cores 
planned for the same area in the summer of 1961. The results of this aspect of the 
research have been submitted to the Great Lakes Research Division. The second- 
ary purpose of the investigation was to learn as much as possible about the cores 
in the limited time available. These results are very incomplete, but it is hoped 


*Present address: University of North Dakota, Grand Forks, N. D. 


¢Now the Great Lakes Research Division, Institute of Science and Technology, The University 
of: Michigan. 
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that the data will serve as a significant basis for correlation when the deep cores 
are analyzed. 


PREVIOUS WORK 


Little is known about the bottom sediments of Lake Superior. Other than 
some early surface sediment and biota studies by S. I. Smith in 1871, the only de- 
tailed research has been carried out by Swain and Prokopovich (1957) and by R. E. 
Smith (1960). The latter two investigations were restricted to the extreme south- 
western part of the lake; the closest point of correlation with the investigations re- 
ported in this paper is approximately 65 miles distant. In addition, this research 
is based on ten widely distributed cores, while the other investigations were based 
on a more highly concentrated group of bottom samples from a more limited area. 
Consequently, it is difficult to justify cross-correlation of data. 
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MECHANICAL ANALYSIS 


LATERAL GRAIN SIZE DISTRIBUTION 


A total of 88 core subsamples were analyzed hydrometrically and/or by 
means of the Emery rapid sand method modified by Poole, Butcher and Fisher 
(1951). The lateral grain size distribution of the ten cores is shown in Figures 2 
and 3. Core 1 is essentially 100% sand, and cores 6, 7, and 9 are composed essen- 
tially of 100% clay size particles. The remaining six cores are mixtures of clay 
and silt with some sand. Reference to the location of these core sites (Fig. 1) 
reveals that there exists a general relationship between particle size, distance 
from shore, and depth of water. The sand in core 1, for example, is from under 
102 feet of water and is approximately 2.3 miles from shore. The clay sediments 
represented by cores 6, 7, and 9 are from 630 feet, 612 feet, and 930 feet of water 
and are approximately 17.5 miles, 6.0 miles, and 20.3 miles from shore, respec- 
tively. Core 2a was taken 6.4 miles from shore, but in only 408 feet of water, 
which probably accounts for its relatively coarser grain size. 

Granules constitute a significant portion of the bottom sediments only in 
cores 1 and 2 (Table 1). The majority of these granules are quartz grains and 
Jacobsville sandstone fragments. 


While cores 3 and 8 are adjacent to each other in a deep trench extending 
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Ss Table 1. Lake Superior Core Sample Data 
' Mechanical Analysis 
ieoots Longitude Latitude ‘aan Gransies Sand Silt Clay Carbonate — 
' % % ho % % % 
1-1 86°55'40" 46°31'30" 102" 3.5 96.5 0.0 0.0 0.0 0.0 
. 1-2 4.5 95.5 
1-3 3.5 96.5 
E. | 1-4 3.0 97.0 
». 1-5 2.5 97.5 
re- 1-6 7.5YR 6/2 (Pinkish Grey) 1.5 98.5 
ch 1-7 1.5 98.5 
sed 1-8 1.5 98.5 
ea. 1-9 1.5 98.5 
1-10 2.0 98.0 
1-11 2.0 98.0 
1-12 0.7 99.3 
1-13 7.5YR 7/2 (Pinkish Grey) 2.0 98.0 
1-14 2.0 98.0 
1-15 1.0 99.0 
ral- 1-16 0.5 99.5 
art- 
nt of 2-la 86°55'20" 46°36'45" 408" 1.0 57.0 27.5 14.5 2.03 1.91 
t 2-2a 10YR 6/2 (Pale Red, Dry) 0.0 28.0 35.0 37.0 3.60 
2-3a 2.0 29.5 30.5 38.0 6.00 3.74 
| in- 2-4a 1.5 34.0 27.0 37.5 7.13 
‘s of 2-5a 4.22 
er - 
‘inal 2-1b 86°55'30" 46°36'10" 378" 1.0 71.0 12.0 16.0 3.21 2.12 
2-2b  17.5YR 5/2 (Brown, Dry) 0.2 37.0 43.0 19.0 1.96 
2-3b 1.25 
2-4b 0.62 
3-la 88°12'07" 47°00"10" 498" 0.0 8.0 42.0 50.0 10.40 
3-2a 5.0 39.0 56.0 
3-3a 10R 3/2 (Dusty Red, Wet) 5.0 43.5 51.5 9.76 
by 3-4a 7.0 33.0 60.0 
rT 3-5a 2.5YR 5/2 (Weak Red, Dry) 3.0 34.5 62.5 9.95 
es 2 
essen- 3-1b 88°12"07" 47°00"10" 498" 12.03 
clay 3-2b 10.72 
- 1) 3-3b 
a 3-4b 10.59 
der $-5b 2.5 YR 3/2 (Dusty Red, Wet) 
nents ae 
water 3-7b 10YR 5/3 (Brown, Wet) 
bpec= 3-8b 0.0 5.0 38.0 57.0 
ry 3-9b 10YR (Dk. Yellowish Brown, Wet) 
, 3-10b 6.0 32.0 62.0 
y in 
nd 
4-1 88°18'53" 46°58'52" 180’ 0.0 18.5 65.0 16.5 2.20 
10R 6/2 (Pale Red, Dry) 
nding 
5-la 88°22'28" 46°57'56" 180° 16.0 49.0 35.0 
5-2a 
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Core 
Sample 


5-1b 
5-2b 
5-3b 
5-4b 
5-5b 
5-6b 
5-7b 


6-1 
6-2 


8-1 
8-2 
8-3 
8-4 
8-5 
8-6 
8-7 
8-8 
8-9 
8-10 
8-11 
8-12 
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Table 1 (cont.) 


Water 


Longitude Latitude Granules 
. Depth "7 
88°22'28" 46°57'56" 180’ 0.0 


5YR 5/4 (Reddish Brown, Dry) 


5YR 3/4 (Dk. Reddish Brown, Wet) 


88°57'30"' 47°36'30" 630" 1.0 


0.0 
10R 4/2 (Weak Red, Wet) 


0.0 
0.0 
90°01'45" 47°43'40" 612' 0.0 
10R 3/2 (Dk. Reddish Grey, Wet) 
VARVES 
10YR 6/1 (Grey, Dry) (Light Layer) 
5Y 5/1 (Dark, Dry) (Dark Layer) 
88°12'00" 47°00'05" 468" 0.0 


2.5YR 2/4 (Dk. Reddish Brown, Wet) 


7.5YR 5/4 (Brown, Dry) 


Mechanical Analysis 


Sand 


b 


11.0 


10.0 


34.0 


40.0 


12.5 


2.0 


0.0 


0.0 
0.0 


0.0 


16.0 
16.5 
12.0 
7.5 
8.5 
5.3 
5.0 
2.3 
3.5 
2.3 
3.0 
0.3 


Silt 
h 


45.5 


40.0 


47.0 


3.0 


2.5 


2.0 
2.0 


10.5 


7.5 
7.5 
10.0 
7.5 
2.0 
1.0 


36.5 
38.0 
38.0 
37.5 
33.0 
33.5 
29.0 
31.0 
31.0 
31.3 
29.5 
29.5 


Clay 
% 
44.0 


50.0 


40.5 


94.0 


97.5 


98.0 
98.0 


92.5 


92.5 © 


90.0 
92.5 
98.0 
99.0 


47.5 
45.5 
50.0 
55.0 
58.5 
61.2 
66.0 
66.7 
65.5 
66.4 
67.5 
70.2 





Ignition 
Carbonate Lose 
% % 
1.06 
0.93 3.58 
0.90 4.81 
1.23 
0.83 6.19 
0.70 
0.67 6.49 
9.33 
8.92 
8.14 
0.97 9.20 
1.00 
0.90 
0.76 
0.90 
1.17 
10,04 
6.12 9.89 =a 
2.74 10.85 =a,b 
9.23 
8.51 
9.12 
8.60 
"7.80 





on 


1 


49 


33 


92 


0.04 


9.89 =a 
0.85 =a,b 


8.51 


9.12 


8.60 


"7.80 
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Core 
Sample 
8-13 

8-14 

8-15 

8-16 

8-17 

8-18a 

8-18b 


9-1 
9-2 
9-3 
9-4 
9-5 
9-6 
9-7 
9-8 
9-9 
9-10 
9-11 
9-12 
9-13 
9-14 
9-15 
9-16 
9-17 
9-18 


10-1 
10-2 
10-3 
10-4 
10-5 
10-6 
10-7 
10-8 
10-9 
10-10 
10-11 
10-12 


Table 1 (cont.) 
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4 ; Water ; Ignition 
Longitude Latitude Depth Granules Sand Silt Clay Carbonate Loss 
% % % % % % 
a ile 5.0 29.0 66.0 
1.0 35.0 64.0 
8.8 35.4 57.8 
16.2 41.4 42.4 
3.2 28.4 68.4 
2.5Y 5/2 (Grey Brown, Wet) 0.0 30.8 69.2 
10YR 5/2 (Grey Brown, Dry) 
88°17"15" 47°50'15" 930" 
5YR 5/1 (Grey Brown) 
0.0 0.0 13.0 87.0 10.14 
11.5 88.5 0.63 
5Y 4/1 (Dk. Grey, Dry) 9.5 90.5 8.99 
12.5 87.5 
10.0 90.0 
7.0 $3.0 8.71 
6.5 93.5 
7.5 92.5 
5Y 5/1 (Grey, Dry) 6.0 94.0 
5Y 6/1 (Grey, Dry) } —— 
88°54'53" 47°55'23" 150° 63.5 29.0 7.5 
7.5YR 4/4 (Dk. Brown, Dry) 78.5 17.0 4.5 
47.0 43.0 10.0 
22.0 64.0 14.0 
24.0 65.0 11.0 
67.0 23.5 9.5 
63.5 28.5 8.0 
64.0 28.0 8.0 
35.5 49.5 15.0 
19.0 64.5 16.5 
18.5 59.5 22.0 


northeast in Keweenaw Bay, core 3 is in slightly deeper water and is composed of 
finer particles. Despite this general relationship of particle size to water depth 
and distance from shore, no linear or power function was found that would include 

even a majority of the cores. Possibly this is the result of insufficient importance 


being placed on the combined effects of proximity to inlet streams, relation to cur- 
rents and winds, and composition of the source material. 
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Fig. 2. Cumulative curves of top 10 cm of each core. 


VERTICAL GRAIN SIZE DISTRIBUTION 


Representative samples from each core were analyzed as described above, 
and the percentages of the various size fractions determined from the resulting 
cumulative curves were calculated and listed in Table 1. These percentages are 
also depicted on a triangular diagram (Fig. 3), in which each of the mechanical 
analyses plots represents a ten centimeter core increment. For example, the dia- 
gram includes 110 cm of core 10 from Siskiwit Bay near Isle Royal. This particu- 
lar core has the greatest grain size range. It is suggested that, because of its lo- 
cation, it is more receptive to changes in sedimentation than any of the other 
cores. Any change in climatic conditions, for example, will be reflected here more 
rapidly than at any of the other core sites. The absolute change in particle size 
with depth is graphically shown in Figure 4. 

The cores from the central part of the lake (cores 6, 7, and 9) do not ex- 
hibit such size changes because of the insulating effect of the increased water 
depth and the distance from shore. The very shallow cores (cores 1, 2, and 5) do 
not show these changes either, but for different reasons. Core 1, for example, is 
close to shore and should reflect seasonal, annual and multi-year changes in water 
volume, the most important grain size regulator, before the effects of the changes 
become absorbed by deeper water. However, it is likely, in view of the coarse 
grains in that core, that currents are very strong here and any layering that might 
occur would be reworked and destroyed. Consequently, the core sites that should 
reveal most about external changes in the drainage basin would be those that are 
1) protected from wave and current action or 2) in neither deep nor shallow water. 
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Fig. 3. Mechanical composition of Lake Superior bottom cores. 


Examination of Figure 4 suggests a similarity in the median diameter fluc- 
tuation trends in the cores. The only valid conclusion that can be drawn from this 
is that most of the cores appear to have undergone similar changes. If a time 
horizon in these cores is reflected by a lake-wide change in particle size, it should 
be found in the deep cores that are to be taken soon. Of the cores not represented 
in Figure 4, cores 6, 7, and 9 are too fine to permit median diameter analysis, and 
core 4 consists of only one 10-cm increment. 

There are many possible explanations for these fluctuations in grain size: 
increase in precipitation, change in the seasonal distribution of the precipitation, 
and natural or human deforestation in the drainage basins. Further analysis of the 
deeper cores should help to clarify whether these fluctuations are lake-wide. 


VARVES 


PHYSICAL DESCRIPTION 


Alternating light and dark gray layers are present in the lower 90 cm of 
core 7 and the lower 20 cm of core 9. These are interpreted as varves. The 
varves in core 7 are buried beneath 79 cm of essentially non-stratified sediment 
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while those in core 9 are under 0 
160 cm of sediment. The shal- 

lower and more continuous of 

the two cores contains at least 20 
101 and possibly as many as 

119 sets of these light and dark 
layers, which fairly consistent- 40 
ly average 8.5 mm in thick- 
ness (Fig. 5). At the 79th 
varve from the bottom of core 
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composition. It was found that 100 Core 8 

the light gray layers at the bot- 

tom of the core contained 55% ° 0.25 00625 0.0156 0.0039 0.001! (mm UNITS) 
more carbonate than the adja- CEN CETER 


cent dark layers. Dr. William 
Benninghoff, Department of 
Botany, The University of Mich- 
igan, found that the lighter of 
the two layers in each varve set contain essentially no pollen, whereas the darker 
layers have abundant pollen (Fig. 5). 


Fig. 4. Relationship of median diameters to depth. 


INTERPRETATION 


On the basis of the comparable thicknesses of the light and the dark layers 
of the varves, it is assumed that they were deposited at a ‘‘moderate’’ distance 
from a retreating glacial ice mass (Antevs 1951, p 1249). With increasing dis- 
tance from the ice that is supplying the sediment, the summer layer should theo- 
retically decrease relative to the winter layer. However, not all varves are glacial 
in origin. Annual layering in the Zurichsee has been attributed to a change in lake 
conditions from oligotrophy to eutrophy (Ruttner 1953, pp 182-184). Because Lake 
Superior is still oligotrophic, however, this explanation is not valid for the varves 
there. If, on the other hand, the varves were deposited as a result of diminishing 
influx of material during the cold season when the lake was frozen over, it must be 
explained why varves are not accumulating today in the portions of Lake Superior 
that presently freeze over during the winter. 

A dating of the Lake Superior varves would clarify some of the problems 
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Fig. 5. Varved section of core no. 7 showing de- 
tails of the physical and chemical characteristics. 
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that exist regarding their interpretation. This, however, has not been possible thus 
far. One means of obtaining a rough date would be to assume a sedimentation rate 
for the cores. No specific data are available for Lake Superior, but an examina- 
tion of some cores from Lake Michigan indicates that clay sediments there are 
accumulating at a rate varying from 0.99 mm to 0.25 mm per year (Hough 1955, 
Figs. 2-4). If these rates are applied to the Lake Superior sediments, the varves 
in core 7 ceased to accumulate between 3200 and 8800 years ago, and those in core 
9 ceased to accumulate between 6400 and 17,800 years ago. Lake Superior was 
still ice covered 17,800 years ago, however, making this date too remote to be 
valid. Furthermore, if it is assumed that the Lake Superior varves are directly 
related to the retreat of the Valders ice sheet, they should have begun accumulating 
some 8000 years ago, making the accumulation rate for core 7 0.1 mm per year 
and for core 9 0.2 mm per year, both of which are within the range suggested by 
Hough’s cores. It is believed, therefore, that the Lake Superior varves are of gla- 
cial origin. 

The presence of pollen, essentially in the dark layer only, first was inter- 
preted to indicate that the dark layer, contrary to previous assumptions, was in 
reality the summer layer. However, the fact that the lighter layers contain more 
carbonate than the darker layers refutes this conclusion (see Table 2). Pollen 
grains have a specific gravity of approximately 2.1 and average less than 100 mi- 
crons diameter. Consequently, these grains would require a long time to settle, 
especially if the water were very cold and if the water were as deep as it presently 
is. 


COMPOSITION OF CORES 


INORGANIC COMPOSITION 


Carbonate Content. Analysis of more than 25 core samples for carbonate 
content was made with a Schroedter Alkalimeter using 3 grams of sample. The 
results show an average of 1.95% CO., with a range from 0% in the coarse-grained 
sediments of core 1 to 7.13% in core 2a (Table 2). 

On the basis of eleven samples from the western part of Lake Superior, 
Swain and Prokopovich (1957, p 537) found a carbonate content ranging from 0.02% 
to 4.38% with an average of only 0.62%. Smith (1960, p 18), on the other hand, 
working to the southwest of the same area, found an average of 2.45% in his sam- 
ples. He concluded, however, that there was no evidence for a definite relation- 
ship between carbonate content, water depth, distance from shore, and the sediment 
particle size, despite the fact that Moore (1960, p 62) had discovered that Lake 
Michigan cores from depths of less than 250 feet had a higher carbonate content 
than deeper ones. 

In Burt Lake, in the upper part of the Lower Peninsula of Michigan, this 
writer found a distinct relationship opposite to that observed by Moore; sediment 
under ten feet of water had between 1% and 25% CaCO, equivalent, that under 
twenty-five feet had 10% to 42%, and that under forty-five feet had 29% to 65% 
(Reid 1956, p 27). The high content in Burt Lake is attributed to an abundance of 
carbonate rocks and carbonate-rich glacial drift there. The Lake Superior region, 
however, has a paucity of such materials (Leith et al. 1935). 

There are insufficient data to draw any definite conclusions on the central 
Lake Superior samples. Where there are a series of adjacent cores the one closest 
to the shore has a lower carbonate content (cf. cores 1 and 2). However, the deep- 
er cores (7 and 9) also have a very low carbonate content. Perhaps this is due to 
the lower temperatures of the water in these locations. 
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is Table 2. Carbonate Content of Selected Core Samples 
Core Equivalent 
Sub-sample* COnsh CaCO,,% 
1 0 0 
‘ 2-la 2.03 4.61 
2-2a 3.60 8.19 
2-3a 6.00 13.65 
2-4a 7.13 16.22 
. 2-1b 3.21 7.30 
8 2-2b 1.96 4.46 
2-4b 0.62 14.10 
™ 5-2a 1.63 3.71 
5-4a 1.06 2.42 
5-1b 0.93 2.12 
5-2b 1.16 2.65 
5-3b 0.90 2.05 
| 5-4b 1.23 2.80 
5-5b 0.83 1.89 
; 5-6b 0.70 1.59 
1 5-7b 0.67 1.52 
a 7-1 0.97 2.22 
7-3 1.00 2.27 
7-4 0.90 2.05 
7-6 0.76 1.73 
7-7 0.90 2.05 
7-8 Py: 2.66 
7-17 (light layer) 6.12 13.93 
7-17 (dark layer) 2.74 6.23 
9-7 0.63 1.44 
” | *The first number and the letter after the second number in each sub-sample refer to the 
core number; the second number refers to the number of 10-cm increments below the top 
of the core. Core sub-sample 2-la, therefore, represents the 0-10 cm increment in 
h core 2a. 
out Analysis of the varved section of core 7 showed about 55% more carbonate 
in the lighter of the semi-annual layers. This suggests that the lighter layer is a 
warm-season layer, during which time less dissolved CO, is available for car- 
bonate precipitation. 
DIFFERENTIAL THERMAL ANALYSIS 
, Differential thermograms were made of several core sub-samples by R. H. 
m Fear, Department of Geology, The University of Michigan. These were later com- 
, pared with others made at The Ohio State University. These thermograms are 
1 very difficult to interpret because of the large temperature range over which the 
at 1% to 12% carbonaceous material is oxidized. Swain and Prokopovich (1957, p 537) 
we noted the absence of a distinct quartz endothermal peak in their samples from 
: Lake Superior, but the quartz peak was almost always sharp in the samples from 


the central section of the lake. This is largely explained by the fact that the bed- 
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rock in the western part of the lake is basic in composition while that in the cen- 
tral portion is composed of larger percentages of sandstones and other acidic 
rocks (Schwartz 1949). Another constituent of these cores was indicated by a 
slight endothermic reaction at about 850°C and an opposing exothermic shift above 
900°C. This probably represents illite and/or montmorillonite. Swain and Proko- 
povich also noted these shifts in the thermogram, but suggested that they were re- 
flecting the presence of illite and/or nontronite rather than montmorillonite. 
Levinson (personal communication) observed anomalous reflections in x-ray pat- 
terns of the same samples described here and tentatively identified the patterns as 
belonging to an interlayered illite-chlorite mineral. However, he also noted that 
approximately 75% of the clay size fraction in core 7 was composed of quartz and 
feldspar. Feldspar breakdown was not indicated in the thermograms of that same 


core. Either feldspar is not present or it constitutes a relatively insignificant con- 
stituent of these cores. 


MAGNETIC FRACTION 


The discovery of what appeared to be micrometeorites in core 2 led toa 
closer examination of the magnetic fraction in each core sample. The particles 
were removed from each sample and examined under the microscope to determine 
their characteristics. Several additional rounded and pitted micro-meteorite-like 
spherules were observed and recorded. Final analysis of their distribution revealed 
that there was no observed correlation among cores. Neither was there any indica- 
tion of anomalously large magnetic particles in an otherwise fine sediment, which 
would support an extraterrestrial origin for the particles. This, in part, was due to 
the fact that the magnetic spherules were only about 400 microns diameter and 
hence were never conspicuous except under the microscope. 

In every core the average magnetic particle was highly irregular in shape, 
and because of its higher density was smaller than the average size particle of the 
sediment from which it was extracted. The large magnetic particles were found in 
the relatively coarse sediment and the smaller particles in the finer sediment, as 
would be expected. The only exceptions to the particle type and size relationship 
was discovered in cores 2 and 3 which were in 378 and 498 feet of water respec- 
tively. Approximately = to 4 of the magnetic fraction from these cores consisted 
of flakes rather than grains. These flakes were perfectly planar, normally rectan- 
gular, and approximately 600 microns average length. Despite the fact that these 
two cores were about 72 miles apart and were close to other cores, they were the 
only ones to contain these flakes. It is possible that they are ilmenite (FeTiOs;) 
crystals, but they might also be a manufactured product of some kind. Since the 
flakes were found down to 50 cm below the top of the core, however, it is difficult 
to believe that they are artificial. If present accumulation rates are at all valid, 
the flakes first began to accumulate there between 2,000 and 5,000 years ago (see 
page 136). A deeper core at these sites would be desirable. 

The most abundant magnetic fraction occurred in core 10, in Siskiwit Bay. 
Here, the average magnetic content was approximately 0.3%, compared to the next 
highest concentration in core 2, which was about 0.1%. This is very low compared 
to the 1.07 to 2.83% found in the samples from Silver Bay (Swain and Prokopovich 
1957, p 540), and appears to reflect the differences in bedrock lithology between 
Isle Royal and Keweenaw Bay. 

During the separation of the magnetic fraction, an abundance of malachite 
and some azurite particles were found in the fine sand fraction of core 8. These 
particles were found in no other core. 
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FROSTED SAND GRAINS 


Rounded and frosted quartz grains appear to be an important constituent of 
many of the Lake Superior cores (Fig. 6). These grains are found in all ten 
cores described in this report. In the very fine-grained sediments, such as core 
7, sand-size particles are frosted grains. Because of their wide distribution, it is 
suggested that these are eolian grains that have been rafted out into deeper water 
by ice during periods of breakup. If this is the case, careful collection and analy- 
sis of deeper cores may reveal a spring stratum with a concentration of the grains, 
and a dating of some of the cores may thus be possible. 


ORGANIC COMPOSITION 


Ignition Loss. Thirty-five core sub-samples were ignited in a Tempco fur- 
nace at a temperature of about 650°C for 30 minutes each to determine the weight 
loss. At this temperature some carbonates may be destroyed. However, analysis 
of one of the samples after ignition showed only a 6% loss of the carbonate that was 
present before ignition. The results listed in Table 1, therefore, are significant. 
The only cores that appeared to demonstrate any trend were those from shallow 
water (0% to 4% loss) and those from the deep water (8% to 12% loss). The differ- 
ence in these extremes is explained by the fact that the relatively quieter deep 
water more readily allows for the precipitation of the light carbon fraction. The 
cores from moderate depths, 180 to 500 feet, contain 2% to 12% material that is 
lost on ignition. There are insufficient data to merit additional analysis of this 
sediment fraction. 





Fig. 6. Photomicrograph of sand fraction from Core 2 showing rounded and 
frosted quartz grains (in circles), 
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Diatoms. Coscinodiscoids were concentrated in each of the core samples 
by decanting off the clay and some of the silt fraction. The diatoms, being sili- 
ceous, precipitated along with somewhat finer sand and silt particles. The speci- 
mens belong either to the genus Melosira or Cyclotella or perhaps to both, since 
there are at least two distinct species present in the sediments. Their average 
diameter is 200 microns (Fig. 7). 

These diatoms were observed in all cores except 1 and 2, which are com- 
posed of sediments too coarse to permit diatom accumulation (Fig. 3). In addi- 
tion, only occasional diatoms were observed in the three cores from the deepest 
water: core 6 from 630 feet, core 7 from 612 feet, and core 9 from 630 feet. The 
highest concentration of diatoms was found in cores 3 and 8 in Keweenaw Bay. 
There appears to be little direct correlation between abundance of diatoms and 
depth of water or distance from shore, other than that none are found where wave 
action is strongest and few are found where the water is over 500 feet deep. Swain 
and Prokopovich (1957, p 541), however, observed the presence of various diatom 
species in the Silver Bay area of the southwestern part of the lake only at depths 
greater than 700 feet. Further studies are needed to explain this observed differ - 
ence in distribution. 


Pollen Analysis. The primary purpose of an investigation of the pollen in 
the Lake Superior cores was to determine how much pollen could be found in them. 
This was carried out by Mr. David Darby, Department of Geology, The University 
of Michigan, who concluded that pollen was present in most of the cores. Dr. 
William S. Benninghoff, Department of Botany, kindly consented to make a more 
detailed palynological study of representative samples of the varved sediments in 
core 7. His results are listed in Table 3. The most striking discovery was that 
while there is abundant pollen in the dark cold-season layers, there is essentially 
none in the adjacent layers, which are equally thick (Fig. 5). This suggests sea- 
sonal deposition of the layers and, hence, supports their interpretation as varves. 
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Fig. 7. Photomicrograph of diatoms from Core 3 (scale in mm). 
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Table 3. Pollen Data from Core 7 


Pollen Sample 



















Pollen Spectra P-1 P-2 P-3 P-4 


Dark Varve Light Varve Dark Varve Light Varve 


Tree Pollen 
Abies 
Pinus 27 1 5 
Picea 
Ulmus 
Quercus 
Betula 
Alnus 
Carya 


— 
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Non-Tree Pollen 
Chenopod-Amaranth 2 2 
Compositae 






Spores 
Polypodiaceae (Trilete) 1 2 
Bryophyte 


Unidentified 







7 





Total Tree Pollen 
Total Non-Tree Pollen 
and Spores 10 1 5 + 
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The contrasting pollen spectra of P-1 and P-3 could imply a difference in climate, 


but this may be entirely within the range of variability of such small representa- 
tions. 


FATHOGRAMS 

















Examination of fathograms taken by the Cisco during the bottom sampling 
program shows excellent correlation with similar fathograms from Lake Michigan 
that were analyzed by Hough (1952). He observed that reflections from a well- 
sorted sand were both thin and sharp, whereas reflections from a clay were heavy 
and diffuse, especially along the bottom contact (Hough 1952, Figs. 1 and 6). The 
Lake Superior fathograms illustrate several variations of these bottom types. 

Core 3 (Fig. 8a), for example, shows a diffuse double reflection. The sediment 
at the upper layer is a silt-clay. The fathogram at the core 4 site, however, shows 
a sharp upper and a diffuse bottom contact (Fig. 8a). As in Hough’s fathograms, 
this sediment is a sandy silt. A multiple reflection is seen at double the depth of 
the upper reflection at this core. This represents the pickup of the sound that has 
travelled from the ship to the bottom and back down and up again. The fathogram 
in the vicinity of the core 6 site (Fig. 8b) illustrates a third type of reflection. 
Here, the reflection is not only a triple one, but it is much more diffuse than at 
core 3. Theoretically, the sediment here should be higher in clay content. In ac- 
tuality, the sediment is a silt-clay. It is possible that the second reflection 
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Fig. 8. Fathograms showing types of bottom reflections. 


represents varves that are present in cores 7 and 9 to the east and west of this 
core respectively. The third reflection may represent the upper contact of the 
Valders till. Deeper coring near this site should clarify this assumption. 
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SUMMARY AND CONCLUSIONS 


It is evident from an analysis of these core data that there is insufficient 
material to justify conclusive generalizations. A total of ten cores, representing 
some 8100 square miles, can at best give only a very general indication of the 
definition and interpretation of the bottom sediments. Despite this restriction, 
generalizations are attempted wherever feasible. 

Analysis of the grain size distribution in the cores suggests the following 
conclusions: 

1. While the coarsest sediments are generally found closest to shore and 
the finest sediments farthest from shore and in the deepest water, there 
exists no observable linear or power function relating the three para- 
meters. 

2. Changes in grain size with depth in the cores suggest that the sediments 
have all undergone similar changes and that with more data a time- 
horizon may be recognized. 

The alternating light and dark gray layers found in the lower sections of 
two of the cores from the northern half of the lake have 55% more carbonates in 
the lighter layers, while the darker layers contain more combustible material 
and pollen grains. On the basis of this evidence, the sediments are concluded to be 
varves. It is not likely that the sets of layers represent anything less than a 
year’s accumulation, for the average thickness is approximately 8.5 mm. It is 
further assumed that the rate of accumulation of the 79 cm of sediment overlying 
the varves in the shallower core is about 0.1 mm per annum, making the varves 
about 8000 years old. These varves were therefore deposited during the retreat of 
the Valders ice sheet from the north shore of glacial Lake Duluth (Hough 1958). 

The carbonate content of the cores averages about 1.95% and appears to be 
lowest both in the shallow and the deep water cores. The percentage of combustible 
sediment varies from 0% to approximately 12% with the higher amounts correspond- 
ing to deeper water. Differential thermal analysis of the clay size fraction in the 
deep water sediments indicates the presence of quartz, carbonaceous material, 
carbonates, and illite and/or montmorillonite. X-ray analysis of the same sam- 
ples, on the other hand, suggests that 75% of the clay-size fraction is composed of 
quartz and feldspar with the remaining 25% being comprised of montmorillonite, 
kaolinite, and an interlayered chlorite-illite mineral. 

The highest magnetic content in the cores is from Siskiwit Bay near Isle 
Royal. This reflects the basic nature of some of the bedrock there. Pitted silt- 
size magnetic spherules, noted in several of the core sub-samples, are probably 
micro-meteorites. Concentrations of these particles in one core could not be cor- 
related with similar concentrations in other cores. 

Rounded and frosted quartz grains are present in all ten of the bottom cores. 
They constitute the only sand-size particles in the deep water cores, and so it is 
concluded that they were rafted out into the lake by ice during the periods of break- 
up. 

Fathograms taken during the coring operation appear to reflect the type of 
bottom sediment. Thin sharp reflections, for example, denote sandy bottom ma- 
terial, whereas thick and diffuse reflections indicate a clay bottom. 
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MEASUREMENT OF TERRESTRIAL HEAT FLOW 
OVER THE GREAT LAKES 


A. E. Beck 
Department of Geophysics 
University of Western Ontario, London, Canada 


Abstract 


Preliminary experiments have been made for the purpose of determining 
temperature gradients in lake bottom sediments: The sensing elements were 
thermistors attached to a piston corer. The corer has been modified so as to also 
determine the in situ value of the thermal conductivity of the sediments. 


BOTTOM SURFACE DEPOSITS OF CENTRAL 
LAKE ERIE IN OHIO 


Robert P. Hartley 
Ohio Division of Shore Erosion 
Sandusky, Ohio 


Abstract 


The study area extends from the island area eastward to the Ohio-Pennsyl- 
vania line and from the Ohio shore north to the international boundary. 

Samples were taken with a two-quart snapper sampler. Sampling density 
varied from one sample per one square mile to one per four square miles. Some 
depth sampling has been done by coring and jetting. All samples (1,669) have been 
mechanically analyzed for grain sizes and sorting. 

Central Lake Erie, for the most part, has a flat mud bottom. Slopes of any 
consequence are found only along shore in sand, gravel, and rock areas and in the 
commercial sand deposit north of Vermilion, Ohio. 

As a whole, the bottom surface deposits of the Ohio portion of Central Lake 
Erie are comprised of 22.5% sand and gravel, 76.6% silt and clay (mud) and 0.9% 
rock, 

The major sand and gravel deposits lie at the mouth of Sandusky Bay, in 
mid-lake north of Vermilion, in a wide strip along shore from Cleveland to Fair- 
port, and in a very large area off Ashtabula and Conneaut. Except for the latter, 
parts of these deposits are being worked commercially. The commercial poten- 
tial is great. 

The bottom sediments are derived mainly from glacial deposits with bed- 
rock supplying a lesser amount. The coarser materials everywhere reflect the 
composition of the bedrock in the vicinity. Sands, gravels, and muds probably are 
or have been transported and redeposited by water currents and waves. 
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THE BEDROCK GEOLOGY OF LAKE MICHIGAN 


William M. Webb and Raymond Smith 
Department of Geology 
The University of Michigan, Ann Arbor 


Abstract 


The floor of Lake Michigan can be divided topographically into three sec- 
tions: 1) a northern area from the Mackinac straits south to Manistee, with a 
prominent central depression bordered on the east and north by irregular topog- 
raphy; 2) a mid-lake region from Manistee to Milwaukee, with a N. E. trending 
central depression paralleled on the north by a poorly defined ridge, and on the 
south by a triangular shaped elevated area; 3) a southern section which is a large, 
regular basin. 

In some places the topography can be related to the underlying formations. 
The southern basin appears to be the result of erosion of Upper Devonian and 
Mississippian shales. The south trending depression inthe northern section of the 
lake may have resulted from collapse due to solution of Salina salt, with subse- 
quent glacial modification. The northern ridge of the mid-lake region may be the 
outcrop of Detroit River and Traverse limestones. The irregular topography in 
the eastern part of the northern section may be the result of collapse due to solu- 
tion of limestone or anhydrite in the Detroit River formation. 

The triangular shaped elevated area in the mid-lake region is difficult to 
interpret. It may be an outlier of a more resistant formation overlying the shales 
or glacial debris accumulated during a pause in glacial retreat. 

The areal geologic map was constructed by integrating bottom topography 
with information from isopach and lithofacies maps, and cross sections across the 
lake based upon well records from both shores. 
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The Great Lakes of North America are one of the more important natural 
features which have influenced man’s occupations of the northern part of the New 
World. They enabled the early European colonizers and explorers to penetrate into 
the heart of North America with relative ease and have served and will continue to 
serve as a transportation and water resource of outstanding quality and importance, 
The value of the lakes and their drainage basin in contemporary life is a culmina- 
tion of their influence upon man and his culture since the area was first occupied 
by people. 

The present form of the lakes and their drainage systems are a creation of 
the Pleistocene or Quaternary events which are the subject of study of this Con- 
gress. The Wisconsin glaciation of North America, which completely covered the 
Great Lakes, had retreated north of the area by about 7000 B.C. At present it is 
difficult to determine when the area was initially covered during the Wisconsin ad- 
vance because of the recency of the realization that there had been a comparable 
series of ice advances to the Wurm I advance. The long interstadial between Wis- 
consin I and the Main Wisconsin is just beginning to be studied. 

The southern limit of the Wisconsin ice advance took place at approximately 
25,000 B.C. There is no evidence that man had ever occupied the Great Lakes area 
before this advance, nor is there any evidence of his presence in areas close to the 
retreating ice border which were later covered by minor advances of the ice during 
the general retreat of the ice to the north. While such claims or interpretations 
have been made, they have failed to be accepted by geologists and competent pro- 
fessional archaeologists. 

The Pleistocene and post- Pleistocene history of the Great Lakes has been 
the subject of study of many geologists over many years. The most recent full 
scale interpretation has been by Hough (1958), but his interpretations have already 
been substantially modified. The floral succession in the Great Lakes has also 
been under study for some years, but while the major outline is well known and by 
now rather well dated by C-14, there is still much to be done before a reasonably 
complete interpretation of plant succession and variation can be made. 


THE PALEO-INDIAN CULTURES 













The best known pattern of life in early North American prehistory is that 
of the fluted blade hunters, whose remains are known from almost all of the United 
States and from lower eastern Canada. While the best data on this early hunting 
economy comes from the High Plains, there is considerable evidence of occupation 
in the Woodland areas of the East. The primarily hunting economy and technology 
of these people was adaptable to many environments and is ultimately derived from 
the Eurasian Upper Paleolithic cultures, It was this latter adaptation to cold gla- 
cial conditions which allowed man to live in eastern Siberia and from there to move 
into North America some 20,000 to 30,000 years ago (Griffin 1960a). Whatever the 
original culture complex of the first migrants may have been by the time of the 
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Fig. 1. Correlation of post-glacial ecology and prehistoric cultures in the Great Lakes area. 
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first indications of the presence of man in the Great Lakes, they are a part of this 
apparently specialized hunting pattern. As the ice retreated over the Great Lakes 
basins and to the north of them, man seems to have been but a few hundred years 
behind (Fig. 1). The first spruce-fir forest cover provided sustenance for a varied 
fauna which had as its best known member, the mastodon, whose remains have been 
found by the hundreds. They are known to have lasted in southern Michigan until 
about 5000 B.C. There is, unfortunately, no clear evidence of the association of 
man and mastodon in the Great Lakes but their contemporaneity is certain, 


THE ARCHAIC CULTURES 


An age of approximately 10,000 to 8000 B.C. for the fluted blade hunters in 
the Great Lakes was first postulated by me in 1956, and has since been substantiat- 
ed, if not proved, by the studies of Mason (1958) and Quimby (1958). As each new 
find is made, the evidence mounts pointing to such a relatively early population 
movement. This northward movement seems to have taken place over the whole 
area from Minnesota to New England and is a reflection of the population distribu- 
tion and high degree of cultural similarity over this considerable territory. Small 
bands of fluted blade hunters were occupying the boreal forest from Wisconsin, 
across Michigan and Ontario to New York, by 8000 B.C. 

From 8000 to 3000 B.C., during the slow warming trend recognized through- 
out the northern hemisphere, there occurred changes in the ecology which gradually 
produced, through most of the Great Lakes, a deciduous forest complex with much 
more abundant food resources for animal life and for man, During this gradual 
shift in floral composition there were also important changes in the size of the 
Great Lakes and in their drainage patterns. With the opening up of the eastern 
drainage paths from Lake Huron to the Ottawa River about 8000 B.C., there took 
place a rapid lowering of the Upper Great Lakes water level resulting in a consid- 
erable increase in the land area open to occupation. This also permitted an easier 
movement of people across the Michigan-Huron Basins. Many of the archaeological 
sites of this period are now covered by the subsequent rise of the Great Lakes, and 
others have been covered by the silting of former stream channels affected by the 
rise in level of the Great Lakes. There is little known about this period due to 
these and other reasons, 

The general level of cultural development between 8000 and 3000 B.C. is 
known as the Archaic, and in terms of societal organization and general orientation 
may be compared with the Mesolithic societies of western Europe as they became 
adapted to the forest environment and its gradual changes in the same period. The 
few sites of the early part of this period have projectile point forms which are 
similar to those of the earlier fluted blades, but the fluting technique has dropped 
out of style. The Middle and Late Archaic sites have points which have stems or 
side-notches near the base, These changes in shape are ones which also take place 
over most of the United States at this time. There is every reason to believe that 
the majority of the cultural changes during the Archaic are primarily stylistic or 
adaptive in nature, and there are no indications of new groups of people moving 
into the area, 

The larger animals of the coniferous forest zone on which the northern Al- 
gonkian of the historic period depended were the black bear, beaver, porcupine and 
otter with the moose along the northern part of the Great Lakes and the caribou 
farther to the north. Snowshoe rabbits, grouse ptarmigan, and various fish such as 
whitefish, trout, salmon, pickerel, pike, sturgeon and sucker were also part of the 
diet. There was little reliance upon the flora. The coniferous forest and accom- 
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panying fauna which almost demanded a summer and winter food quest cycle, and a 
great deal of traveling, moved across the Great Lakes area and reached a relative- 
ly stable location north of the Great Lakes before 3000 B.C. Their cultural com- 
plex probably had its inception in the Great Lakes area between 8000-6000 B.C., 

and as the boreal forest and its fauna advanced toward the north, the people moved 
along with it. 

By 3000 B.C. there had developed in the east-central part of the United 
States a number of adaptations to the Woodland and riverine environments by Ar- 
chaic cultures which exploited the natural food resources with considerable suc- 
cess and resulted in population increase and cultural development. Since most of 
these cultural changes had been produced in areas of deciduous forests and in a 
temperate continental climate, they were easily transportable into the Great Lakes 
area as the forest composition changed and as the climate became milder. The de- 
ciduous forest is capable of supporting a larger human population than does the bo- 
real forest. In the eastern part of the Great Lakes region, cultural and perhaps 
population movement brings in two slightly divergent complexes from the south. 

One of these, known as the Lamoka culture, is best established in north-central 
New York, but some of its characteristic artifacts are known across Ontario and 
into eastern Michigan. The Laurentian (Ritchie 1944) is another named culture 
complex, and many of its most common artifact types have a wide distribution from 
New England to the Mississippi Valley and from Lake Superior to the Ohio River. 

It can be seen from the more rich and varied artifact inventory that these 
cultures exploited the forest animals, vegetal foods, and fish and molluscs from 
the lakes and streams. Most of the species of fish in the Great Lakes are derived 
from the Mississippi Valley, some from the Atlantic coastal area are in the Ontario 
Basin, and a few species, all cold water forms such as the Salmonids and the North- 
ern Pike (Esos lucius), are derived from an Alaskan refugium. Similarly, the mol- 
luscan species are primarily Mississippi Valley forms with some indications of 
connections into the New England area in the Lake Ontario fauna. 

Such implements as the adze, gouge and grooved axe were heavy wood work- 
ing tools and seem to have been developed in the eastern United States from earlier 
chipped stone forms. Fishing activities are represented by bone fishhooks, barbed 
bone points, net and line sinkers and the probable use of fish weirs. Vegetal foods 
were processed by hand-stone and milling stones and also by cylindrical pestles 
which were probably used in wooden mortars. The wooden mortar was later adapt- 
ed to the grinding of maize. There were many other bone tools including bone mat 
needles, The continued importance of hunting is reflected in the large numbers of 
projectile points of a variety of styles. In the western part of the Great Lakes the 
projectile forms are more closely connected to the forms typical of the Upper Mis- 
sissippi Valley, and the adze and gouge are not as common as they are in the East. 

One of the most outstanding characteristics of this part of the Archaic pe- 
riod is the development of the ground stone tools mentioned above and of various 
polished stone artifacts of which the ‘‘bannerstone,’’ of many forms, is a unique 
product. The bannerstone has a cylindrical perforation through the central part of 
the stone and was apparently attached to the shaft of the atlatl, or spear thrower, 
which was still the projectile propellor. It marks the first appearance of stone 
drilling in the Americas and may be likened to the technique which produced the 
shaft-hole axe in Europe. The ground stone tools in the Great Lakes area are the 
ones which have suggested to various archaeologists that they were derived by mi- 
gration from Eurasia. However, this interpretation suffers from a number of dif- 
ficulties. There are great gaps in the distribution of these forms, not only in North 
America but also in Eurasia. There are no indications of their passage through 
Alaska and Canada and in some instances, the grooved axe for example, the imple- 
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ment is in the eastern United States before it could possibly have moved from Eu- 
rope, through Asia to North America (Griffin 1955). The ground slate forms which 
are often cited as components of a circumboreal culture spread do not appear by 
3000-2500 B.C., but are 1000 to 1500 years later, are primarily found in the New 
England-eastern Canadian area and are not common forms in the Great Lakes, The 
latter half of the Archaic is not in a Neolithic stage of cultural development and, in 
fact, the term ‘‘Neolithic’’ should not be applied to prehistoric American cultural 
groups. 

The physical type of the Late Archaic populations is very close to that of the 
historic Indians of the area and most of the people probably spoke dialects of the 
Algonkian language. It is a reasonable suggestion that this is also the period and 
the cultural level when the ancestors of the Iroquoian tribes moved into the Ontario 
New York area, but this is still highly speculative. 

The most interesting cultural feature of the Great Lakes area during the 
Late Archaic is the Old Copper culture (Wittry and Ritzenthaler 1956; Griffin 
1961). The development of a variety of tool forms from the Lake Superior native 
copper took place about 3000 to 1000 B.C. The implements have forms and had the 
functions of other tools in bone and stone from the same area. Some formal modi- 
fications were possible because of the nature of copper. These implements were 
shaped by cold hammering and heating and hammering them into shape. There are 
superficial resemblances to Eurasiatic forms, but the Great Lakes copper complex 
precedes in time any copper or copper-bronze development in Asia. This complex 
develops when the Upper Lakes are again approaching the 605 foot elevation above 
sea level of the Nipissing beach and when the climate reaches its apparent maxi- 
mum post-glacial warmth, The distribution of Old Copper sites makes clear that 
water transportation by dugout or canoe was common, and that most of the villages 
were along the lake beaches and on the banks of the tributary streams. Although 
the Old Copper culture began about the period of maximum warmth, it is likely that 
minor climatic fluctuations after 2500 B.C., such as are recorded in northern Eu- 
rope by means of the recurrence horizons, were also present in the Great Lakes, 
The fluctuations were apparently not strong enough to have any serious effect on 
the hunters and fishers of the pre-agricultural period (Griffin 1960b; N.D.). 

The projectile forms of copper are rat-tailed, stemmed, stemmed and ser- 
rated, socketed, and sometimes conical. Knife forms include those with a narrow 
handle, angled handles, and socketed and riveted handles. Some of the projectile 
points and knives have beveled blades and this characteristic seems to have ap- 
peared about 1200 B.C. There was also a women’s knife, or ulu, which had a cres- 
centic blade. Other forms are awls, punches, needles, pikes, harpoons, drills, 
celts, chisels, wedges, gouges, adzes and the grooved axe. The non-copper arti- 
facts are similar to those common in the Great Lakes at this time. In the area to 
the west of Lake Michigan, the Old Copper culture has its closest ties to the con- 
temporary groups of the northern Mississippi Valley, but by and large, the major 
cultural exchange takes place through the Great Lakes which can clearly be recog- 
nized as a significant cultural area readily distinguished from the boreal forest 
zone to the north or the Ohio Valley groups to the south, 

There are a variety of burial positions including flexed, bundle, extended 
and prone. Cremation was practiced, and some burials were covered with red 
ochre. Cordage is known from its preservation by copper salts, and it is believed 
that weaving with native bast fibers was part of the cultural complex. Indications 
of trade and barter over considerable distances are identified by the distribution of 
Old Copper forms into the Ohio Valley, as far south as Florida and into New York 
State. Large marine gastropods from the Gulf and Southeast coasts were made int 
ornaments and containers in the Great Lakes area, 
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There are a number of cultural developments of considerable importance 
immediately before and after 1000 B.C. The level of the Upper Great Lakes falls 

to the 596 foot elevation of the Algoma stage, and around the shores of the lakes at 
this level we find the closing phases of the Old Copper culture in the West and of 

the Laurentian culture in the eastern part of the Great Lakes. Many of the burials 
reflect an intensification of attention to burials in the form of increased use of red 
ochre, the placement of exotic grave goods with burials and the appearance of new 
artifact forms in copper and stone. One of these new forms is called a “‘birdstone”’ 
(Townsend 1959), and this replaces the bannerstone form as an attachment to the 
atlatl. Large numbers of cache blades of general triangular form are covered with 
red ochre and placed with burials. A large knife or spear form called the ‘“‘turkey- 
tail’? is made of flint from southern Indiana and is found with burials throughout 
much of the Great Lakes area. Copper celts and adzes are prominent in the graves. 
The earliest pottery is known at this time and is believed to be an import from 
northeast Asia and to be ultimately connected to the ‘‘Neolithic’”’ pottery of north- 
eastern Siberia. The early pottery is a simple jar form with a conical, rounded or 
flat base and is low fired, grit tempered, and coil built. The surfaces, both exterior 
and interior, were malleated with a cord-wrapped paddle. This pottery is very sim- 
ilar from Minnesota to New England. 

The general way of life for small nomadic bands, living at temporary, favor- 
able sites for obtaining native foods, continues. The cultural additions are added 
gradually and there are no sound indications of migratory groups moving into the 
area south of the Great Lakes, There is a greater development and emphasis of 
burial ceremonialism during this period which is represented by the striking use of 
the burial mound, more indication of barter and exchange, greater population con- 
centration and more stable villages, perhaps representing an early form of agricul- 
ture. The period from ca, 1000 B.C. to ca. 300 B.C. is known as Early Woodland. 


THE MIDDLE WOODLAND CULTURES 






From approximately 300 B.C. to A.D. 300 the Middle Woodland cultures are 
formed in the eastern United States. They are apparently stimulated by agriculture 
and have their florescence in the Hopewellian cultures of the Ohio and Upper Mis- 
sissippi Valleys (Griffin 1952). In the western part of the Great Lake cultural dif- 
fusion some population movement from the Dlinois Valley brings Hopewell culture 
to this more northern area, There are some indications that this takes place dur- 
ing a mild climatic phase which allowed this northern penetration. There are 
changes in the decorative styles and shapes of the pottery, of projectile points and 
other artifacts and indications of greater population density. The pottery decora- 
tion is made by various forms of stamps which are strongly reminiscent of the 
Comb and Pit-marked pottery of northern Europe. One can clearly see, in the 

area, a northern ceramic pattern from Minnesota to eastern Ontario and New York 
and running north of Lake Superior, and a southern ceramic area dominated in the 
West from the Hopewell center in Dlinois and in the East by styles from the East- 
ern complexes, While this period in the Great Lakes does have a cultural advance, 
it is but a pale reflection of the development to the south, 


THE LATE WOODLAND CULTURES 





There is a marked cultural regression in the Great Lakes area from ap- 
proximately A.D. 300 to 800 which parallels the slow disintegration of the Hopewell 
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cultures to the south. This is probably a period of a minor climatic deterioration 
similar to that of northwestern Europe during the same period. There are few in- 
dications of occupation in the area immediately north of Lake Superior. There is 2 
breakdown and shift of ceramic styles and a shift to the use of cord decoration and 
other techniques which are similar in appearance to the Beaker pottery of the Eu- 
ropean Bronze Age and to the Corded Pottery culture of Poland. The first definite 
indications of agriculture are known about A.D. 1000 in New York and at the Macki. 
naw Straits area. This reflects a postulated milder climate in the Great Lakes 
area, a cultural influence and stimuli, and population movement from the Mississig 
pi culture centers to the south, 

The Mississippi cultural pattern was a full food producing economy with 
towns and subsidiary villages, a developed and wide spread socio-religious comple 
a stratified society and political and military confederations. In European terms, ; 
closely parallels the Late Neolithic and Bronze Age societies, 

The population movement mentioned was that of the proto- Winnebago (Grif- 
fin 1960c) and closely associated Iowa, Oto and Missouri who moved into the Wis- 
consin area about A.D. 1000. Their influence dominated cultural development in 
the western part of the Great Lakes and south of Lake Superior. The developing 
Iroquoian tribes dominate the scene from eastern Michigan into New York. Their 
development was aided by the increasing adoption of an agricultural economy and 
by cultural diffusion from the Ohio Valley and from the Middle Atlantic States, whil 
their agricultural effectiveness was aided by the moderating influence on the cli- 
mate of the eastern Great Lakes. 

The well developed system of trade, barter and cultural contact which the 
French found in the sixteenth and seventeenth centuries, and which allowed them to 
move from Montreal to Duluth in a relatively short time, was a cultural pattern 
which is as old as the Late Archaic of about 2000 B.C. The agricultural societies 
of the seventeenth century occupied the deciduous and mixed boreal deciduous 
zones, while north of the Great Lakes the cultural pattern of the inhabitants of the 
boreal forest remained close to the hunting adaptation known many millenia earliez 
when most of the Great Lakes area was a boreal forest. 
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THE NAIAD (FRESH-WATER MUSSEL) FAUNA OF THE GREAT LAKES 


Henry van der Schalie 
Department of Zoology, The University of Michigan 
Ann Arbor 


Abstract 


The studies of Bryant Walker, A. E. Ortmann and others have shown that 
the distribution of the rich North American fresh-water mussel fauna may serve 
as a useful source of information in reconstructing the past and present distribu- 
tion of the aquatic animals that now inhabit the Great Lakes and their tributary 
streams. To understand the patterns observed, broad and basic outlines have been 
published to delineate the time and places where stream confluences took place. 
These facts often clearly account for the present patterns of distribution. Some of 
the reports containing these data will be cited. At present, more exact information 
is necessary regarding river channels which may be discernable in the deep portio. 
of the Great Lakes. This information can assist in determining the way in which 
present day streams were formerly connected to streams as they existed prior to 
the establishment of modern lake levels. This summary account is submitted to 
encourage efforts to obtain more basic information needed to explain some of the 
conditions now extant. 

Although Michigan is in the St. Lawrence drainage, its rich mussel fauna is 
wholly a Mississippi River assemblage. Walker (1913) indicated that the pre-glaci: 
fauna of the St. Lawrence system was exterminated during the glacial period. He 
also stated that the fauna of Lake Erie was established when fish (carrying mussels 
invaded the Lake Erie region through the Maumee River outlet into post-glacial 
Lake Maumee. Ortmann (1924) elaborated upon this invasion and showed that at a 
particular stage (the Trent Outlet Stage) in post-glacial lake development, the pat- 
terns of distribution now existing were established. At that time the Maumee Rive1 
flowed through the partially dry bed of Lake Erie and the rivers tributary to Lake 
Erie had a continuous pattern. These conditions permitted three species of mussel 
(Alasmidonta marginata, Actinonaias carinata, and Lampsilis fasciola) to enter 
several rivers now draining into Lake Erie. It was possible to establish later (van 
der Schalie 1938) that three of the rivers in southeastern Michigan (the Raisin, 
Huron and Clinton) were tributary to that ‘‘greater Maumee River,’’ but that the 
Rouge was of later origin and was never connected to the river system that existed 
when Lake Erie was practically non-existent. These events clearly show how 
closely the patterns of mussel distribution are related to the glacial and geomorphi 
history of the Great Lakes. 

It should also be emphasized that the number of mussels and other organisn 
in the five major lakes is quite disproportionate. Goodrich and van der Schalie 
(1932) reported that the number of mussels in Lake Erie is greater than in any of 
the other lakes. Not only is this large number related to former stream connec- 
tions but it is also related to the fact that Lake Erie is one of the largest of the so- 
called ‘‘river lakes’’ and its naiad fauna is more like that of a river than of a typi- 
cal lake. 

Southwestern Michigan with its rivers flowing into Lake Michigan is anothe 
region where mussel distribution indicates former stream confluence between 
rivers and lakes developed in the post-glacial course of events. Van der Schalie 
(1941) brought together data to show that when the rivers of western Michigan were 
connected, with the Des Plaines River and the Chicago outlet, to the Mississippi 
River, the fauna that now occupies the Grand, the Muskegon and the Saginaw drain- 
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ages was able to become established in species patterns now observed. In addition 
to the basic and broad stamp as shown by the mussel assemblage, it can be deduced 
that the Muskegon River was at one time a tributary to the Grand River; also, the 
fauna of the Saginaw drainage system was derived from the Grand during the period 
of confluence between these drainage systems. A study now under way contains 
information which shows that, although the divide between the streams of south- 
eastern and western Michigan is very low (van der Schalie 1945), the mussels have 
maintained their patterns of distribution essentially as established at the end of the 

































































































it last glacial period. Passive means of distribution (birds, mammals, man, etc.) are 
re clearly not of great consequence in the establishment of the patterns of distribution 
m< for the various mussel groups. 
| In northwestern Michigan and the Green Bay region there are good indica- 
been tions that the fauna of the western part of the Upper Peninsula is basically a Missis- 
¥ sippi assemblage derived when confluence existed between the Fox River and the 
1e of Wisconsin River at Portage, Wisconsin (Goodrich and van der Schalie 1939). More 
ation information is necessary regarding the former river channels now submerged in 
ortions the northern portion of Lake Michigan. It is clear from the distribution of mussels 
ich in the rivers of the Upper Peninsula of Michigan, especially the streams now tri- 
r to butary to Green Bay, that at one time the lake level was sufficiently low to establish 
to a continuous river pattern in the Fox River with a major stream whose bed is now 
the submerged in Green Bay. Dr. Frank Leverett (van der Schalie 1939: 42) suggested 
that there was a sufficiently low stage in the Lake Michigan lake level to permit 
ina is such a confluence. It is evident that more work is necessary both in tracing the 
-glacial mussel distribution at the present time and in relating this information to such 
He fields as glacial history, geomorphology, etc. in the lake region. To this end it 
ussels) would be helpful if those making collections (by dredging or other means) could 
ial preserve properly the mollusks for more careful analyses in these interrelated 
ata fields. 
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EXTENDED LIMNOLOGICAL: STUDIES IN WESTERN LAKE ERIE SPONSORED 
BY THE NATURAL RESOURCES INSTITUTE OF THE OHIO STATE 
UNIVERSITY 


N. Wilson Britt 
Department of Zoology & Entomology 
The Ohio State University, Columbus 


Abstract 


This program was started in 1959. The objectives of the program were to 
collect and analyze the usual limnological data, and after sufficient records were 
available to check for correlations with the annual fish catches. 

The collecting areas or stations were of two types: 

1. Index Stations. Six index stations were established. One of these was located 
near the North Channel northeast of North Harbor Island, and the others were 
located in a rough circle around the Bass Island area. These stations were visited 
at two to three week intervals throughout the open season. 

2. Annual Survey Stations. These 60 stations extended north to Canadian shore, 
south to Ohio mainland, east to Kelleys and Pelee Islands, and west to a north- 
south line near Middle Sister Island. The stations coincided with those established 
by Britt in 1953 and visited again by him in 1954. Collections were made at these 
stations in autumn 1959 and 1960. 

The chemical-physical data are recorded in tabular form. Analyses of the 
bottom fauna, phytoplankton, and zooplankton are incomplete. The most noticeable 
unfavorable chemical-physical factor noted thus far in this study was the low oxy- 
gen concentration (1.8 ppm) at the 8 meter depth at Station 6 on July 13, 1959. 

Changes in the mayfly population in the last ten years have been spectacular. 
Before 1953 the estimated populations in this study area averaged between 300 and 
500 individuals per square meter of bottom area. In autumn of 1953 the average 
dropped to 44 per square meter. In 1959 it was down to 11 per square meter. Pre- 
liminary evidence indicates that it may have been even lower in 1960. 


PHYTOPLANKTON IN THE CLEVELAND HARBOR AREA 
OF LAKE ERIE, 1956-1957 


Charles C. Davis 
Western Reserve University 
Cleveland, Ohio 


Abstract 


Three stations were established in Lake Erie off Cleveland, Ohio. They wer 
were visited, when possible, every two weeks from September 1956 to mid-October 
1957. Phytoplankton was analyzed quantitatively from samples of water preserved 
with I,-KI-acetic acid. It was calculated both as cells or individuals per liter and 
as cubic decimillimeters (1 dmm® = 10° u°) per liter. 

Blue-green algae, mostly Microcystis, were most abundant in September to 
October 1956 and in August to October 1957. Green algae, mainly species of 





ED 


to 
re 


ed 


sited 


ished 
ese 


f the 
able 


oxy - 


acular, 
0 and 
ge 

. Pre- 


hey were 
Yctober 
served 
or and 


nber to 


BIOLOGY - ABSTRACTS 159 


Pediastrum, Oocystis, and Coelastrum were commonest in August, September and 
October, but were of considerable importance at all times except in the spring. 
The Dinophyceae were sparsely represented except by Ceratium hirundinella, which 
occurred most abundantly in August. This species was evidently absent entirely 
from the middle of November 1956 to early May 1957. It occurred only as scattered 
individuals from October 1956 to mid-November, and from early May 1957 to early 
July. Dinobryon was seldom seen except during late July and early August, 1957. 
Diatoms, especially Asterionella, Cyclotella, Fragillaria, Melosira, Stephanodis- 
cus, and Tabellaria, were abundant at all times, but by far the largest standing 
crops were found during the vernal phytoplankton pulse of 1957. The early winter 
phytoplankton was dominated by diatoms, but the standing crops were much lower 
at that time. 

The seasonal distribution of diatoms, peridinians, green algae and blue- 
green algae was somewhat similar to their occurrence in 1950-1951 (Davis 1954)*, 
although in 1956-1957 the green algae clearly dominated the phytoplankton in both 
autumns, in contrast to 1950-1951, when diatoms dominated in all seasons. Indi- 
vidual genera and species differ in abundance in the two studies. Noteworthy was 
a short but intense pulse of Dinobryon in 1956-1957. Also, Coelastrum was much 
more abundant in 1957 than during 1950-1951. 

Sincere thanks are extended to The American Academy of Arts and Sciences 
for a grant that enabled me to purchase a skiff and motor for this project. 


*Davis, Charles C. 1954. A preliminary study of the plankton in the Cleveland Harbor area, 
Ohio, II, The distribution and quantity of the phytoplankton. Ecol. Monog. 24(4): 321-347. 


BIOLOGY OF GREAT LAKES SPHAERIID FAUNAS 


William H. Heard 
Museum of Zoology 
The University of Michigan, Ann Arbor 


Abstract 


Although long known to be one of the dominant benthic animal groups in the 
Great Lakes, sphaeriid clams have received altogether too little attention. Diffi- 
culty in the identification of the highly variable species has been the primary cause 
of this neglect. 

Greater consideration should be given these mollusks because of their 
important roles in aquatic communities (1) as a link in food chains and (2) as inter- 
mediate hosts in the life cycles of trematodes. 

Lake Superior has 6 species of the sphaeriid fauna, Lake Michigan 20 species, 
Lake Huron 20, Lake Erie 14, Lake Ontario 26. 

Quantitative studies have been carried out only at the generic level, and this 
is unfortunate because of the greater significance which may be attached to certain 
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species. Pisidium conventus Clessin is by far the dominant member of the sparse 
sphaeriid fauna of Lake Superior. Pisidium amnicum (Miiller), P. henslowanum 
(Sheppard) and Sphaerium corneum (Linné) are species which have been introduced 
into North America and are limited to the Great Lakes and St. Lawrence River. 
Psisdium conventus, P. idahoense Roper and S. nitidum Clessin are rarely found 
outside the Great Lakes in that area. While some species are common and abun- 
dant, many more are found only occasionally; a few are intruders and are not a 
natural component of the Great Lakes’ benthos. 

Preliminary studies of samples from transect dredging by the U. S. Bureau 
of Commercial Fisheries indicate that some sphaeriids have definite distribution 
patterns. 


FOOD HABITS OF SOME LAKE ERIE FISH* 


John W. Price 
Department of Zoology and Entomology 
The Ohio State University, Columbus 


Abstract 


Food habits during the season of 1958 of ten species of fish in Lake Erie 
were studied through analyses of stomach contents of 14,118 specimens as follows: 
yellow perch, 2450; trout perch, 2375; smelt, 2327; spottail shiner 1951; Sheeps- 
head, 1645; white bass, 1296; channel catfish, 822; alewife, 866; walleye, 361; and 
gizzard shad, 225. Results indicate that in 1958 in Lake Erie, midge larvae and 
pupae (Tendipedidae) were eaten in abundance by six of these species and probably 
occupied the place in the diets of these fish formerly ascribed to mayflies. The 
latter were important in the diets of comparatively omnivorous species—yellow 
perch, sheepshead and channel catfish. In nine species, cladocera were recovered 
in important proportions, and in greater frequencies and volumes than were cope- 
pods. Since copepods greatly outnumbered cladocera in contemporary plankton 
samples, these results are construed to indicate selective feeding in favor of 
cladocera. 

Cladocera were the primary item in the stomachs of the young of several 
species. Amphipods were fed upon heavily by at least three fish species studied, 
and generally somewhat replaced cladocera in the diets of fish of longer length 
classes. 

Four species of fish studied showed unique dietary features: (1) almost a 
fourth of spottail shiner stomachs contained fingernail clams; (2) sheepshead 
showed no evidence of feeding upon unionid glochidia; (3) walleyes fed upon an 
almost exclusively fish diet; and (4) some algae were recovered from gizzard shad 
stomachs but such material was accompanied by at least as much volume of 
entomostracan remains. 


*This study was conducted under a contract with the U. S, Fish and Wildlife Service and a 
grant from The Ohio Department of Natural Resources, Division of Wildlife, in coopera- 
tion with The Natural Resources Institute of The Ohio State University. 
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A REVIEW OF THE INVASION OF THE LOWER GREAT LAKES BY THE 
WHITE PERCH (ROCCUS AMERICANUS) 


W. B. Scott and W. J. Christie 
Royal Ontario Museum, Toronto, and Ontario Department 
of Lands and Forests, Picton, Ontario 


Abstract 


The white perch, Roccus americanus, indigenous to the Atlantic coastal 
region, has recently (about 1951) invaded the Great Lakes system. It is now well 
established in Lake Ontario and has been reported from Lake Erie and from the 
lower St. Lawrence River. The build up and spread of the species in Lake Ontario 
is demonstrated, and an attempt is made to time its spread through the lake. It is 
now shown to be one of the dominant species in certain sections of Lake Ontario. 
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LAKE METABOLISM AND PRODUCTIVITY 


INVESTIGATIONS IN LAKE METABOLISM - BACTERIA: 
DISTRIBUTION AND ACTIVITIES 


George W. Saunders 
Great Lakes Research Division, 
The University of Michigan 


Abstract 


A pilot plant study of the distribution and activities of aquatic bacteria in a small 
eutrophic lake was initiated in October 1959. The lake was sampled at six depths 
twice a week for eighteen months. The temporal distribution of total numbers of 
bacteria is described and seems to be related to nutrient supply, which in turn is 
dependent on both meteorological and biotic factors. The factors qualitatively re- 
lated to pulses in bacterial numbers are (1) movement of nutrient-bearing littoral 
water to the limnetic region, (2) oxidation-reduction conditions, (3) death and de- 
composition of phytoplankton, (4) death and decomposition of higher aquatic plants, 
(5) high summer photosynthetic productivity, (6) precipitation and runoff. In this 
shallow (10 m. max.) lake the vertical distribution of bacteria is more or less mni- 
form, but this uniformity may be modified by the factors discussed above. 

The annual cycle of the concentrations of dissolved carbohydrate and organic 
nitrogen differ. The vertical distribution of dissolved carbohydrate is more or 
less uniform, although concentrations ranged from 1.5 to 5.7 ppm. Organic nitro- 
gen accumulates in the hypolimnetic waters under ice cover and during the sum- 
mer stratification. Concentrations ranged from 0.20 to 3.89 ppm (1.3 to 24.3 ppm 
calculated as protein). 

Carbon-14-labeled starch and algal protein were used to trace uptake of carbo- 
hydrate and protein by the bacteria. From April 1960 through February 1961, the 
curves depicting annual protein uptake and dissolved protein both exhibit generally 
increasing trends. The annual curves of carbohydrate uptake, however, do not fol- 
low the same course as the curves for dissolved carbohydrate. The dissimilarity 
of the annual uptake curves for carbohydrate and protein suggests that these two 
substances are utilized differentially by the bacteria. As a source of energy and 
growth for the bacteria, carbohydrate appears to be relatively more important dur- 
ing the summer and protein relatively more important during the winter period. 

From the vertical distribution of carbohydrate and protein uptake by the bacteria 
three types of curves can be extracted from the 120 experiments performed: 

(1) more or less mirror images, (2) curves having similar shapes, and (3) curves 
with no apparent relation. These categories probably reflect differences in the 
physiological state of the bacteria and also a succession of bacterial types both in 
time and space. 

The correlation between uptake of carbohydrate or protein and total numbers of 
bacteria is zero. This suggests that total numbers of bacteria must be partitioned 
into physiological groups and that organic matter must be differentiated into more 
specific substances. 

The ability to follow numbers of bacteria and qualitatively to relate certain 
points in their distribution to physical and biotic factors, and the possibility of es- 
timating bacterial activities irrespective of their numbers indicate that further re- 
finement of methods and comparisons in a spectrum of lake types will permit ap- 
plication of this approach to the Great Lakes water. Combination of work on 
ba¢terial meiabolism and photosynthesis should reveal relationships and problems 
of both theoretical and applied interest in the Great Lakes basins. 
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INVESTIGATIONS IN LAKE METABOLISM - PHOTOSYNTHESIS: 
A MODIFIED C“ TECHNIQUE FOR ESTIMATIONS OF 
PHOTOSYNTHESIS IN LARGE LAKES 


Roger W. Bachmann’, George W. Saunders” and Francesco B. Trama® 


Abstract 


A direct application of the c™ method of estimating photosynthesis in small 
lakes to large bodies of water would require the establishment of a fixed buoy at 
each sampling station. A modified method requiring only one fixed station has 
been proposed by other workers. At the one fixed buoy the photosynthetic rate of 
the surface plankton is measured at a series of depths in the photic zone in order 
to determine the relationship of changing light with depth to photosynthesis per 
unit population for the particular lake in question. At this station and all other 
sampling stations the photosynthetic rates of plankton collected from different 
depths are measured under constant light conditions in order to arrive at a rela- 
tive measure of the population densities. A shipboard daylight aquarium is used to 
estimate daily photosynthesis of surface phytoplankton. This information is com- 
bined to calculate photosynthesis at each depth and integral photosynthesis for each 
station. Field tests of this method were made in the summer of 1959 at single sta- 
tions in Douglas Lake, Cheboygan County, Michigan, and in the west arm of Grand 
Traverse Bay near Traverse City, Michigan. Comparison of the calculated values 
for integral photosynthesis with parallel in situ curves showed no significant differ- 
ence in the Douglas Lake experiments, whereas in Grand Traverse Bay the modified 
method consistently underestimated the in situ values, An analysis of the data in- 
dicated that light adaptation by the Grand Traverse Bay plankton was responsible 
for the difference between methods and a further modification of the method was 
proposed to correct for this factor. 


‘Department of Zoology, The University of Michigan. 
"Great Lakes Research Division, The University of Michigan. 
‘Department of Zoology, Rutger’s University. 


INVESTIGATIONS IN LAKE METABOLISM— PHOTOSYNTHESIS: 
CHLOROPHYLL a IN GRAND TRAVERSE BAY WITH REFERENCE 
TO ITS USE AS AN INDEX OF PRIMARY PRODUCTIVITY 


Francesco B. Trama’, George W. Saunders* and Roger W. Bachmann*® 


Abstract 


In any study of lake metabolism, one of the basic considerations is primary 
productivity. How to measure this parameter with any degree of confidence in 
such large water masses as the Great Lakes is a challenge. It has been proposed 





‘Department of Zoology, Rutger’s University. 
reat Lakes Research Division, The University of Michigan. 
*Department of Zoology, The University of Michigan. 
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that a reliable estimate could be obtained if there were a definite relationship be- 
tween the chlorophyll a content of the photic zone and the amount of solar radiation. 

A series of experiments were conducted from July 20 to August 20, 1959, ata 
single station located at the lower end of the West Arm of Grand Traverse Bay, 
Michigan. Water samples from surface to 25 meters were taken at 5-meter inter- 
vals. Radioactive carbon (C™) was introduced into each sample bottle. Bottles 
were resuspended at the sampling depth for 24 hours. A similar series was incu- 
bated for 4 hours under an illumination of 500 foot candles and surface water tem- 
peratures. An analysis for chlorophyll a was made for each sampled depth. 

During the month of investigation the chlorophyll a content varied from 0.7 to 
4.2 mg/m* with a mean of 1.9 mg/m*. In general there was a concentration of pig- 
ment at or below 20 meters. When the chlorophyll a calculated productivity values 
were compared with the in situ values, there was with one exception a consistent 
underestimation. This amounted to approximately 20%. The consistency indicated 
some bias either within the experiments or the method proposed. 

From the data it was estimated that primary productivity in Grand Traverse Bay 
amounted to 67 gC/m?/year. Further investigation was recommended. 


A LARGE DISCREPANCY BETWEEN C14-BASED AND 
pH-BASED PHOTOSYNTHESIS MEASUREMENTS 


Jacob Verduin 
Biology Department, Bowling Green State University 
Bowling Green, Ohio 


Abstract 


A comparison of photosynthetic rates using C14-uptake and pH-change in clear 
and dark bottles revealed a large discrepancy. The yields diverged most at high 
light intensity with C14-yields exceeding the pH-based yields by a factor of 2 or 
more. A pronounced diurnal variation was observed; the discrepancy was larger 
during afternoon than during morning hours. It may be that light-stimulated res- 
piration masks the true rate of gross photosynthesis in the clear and dark bottle 
method, or there may be other processes (Wood-Werkman reaction, for example) 
drawing from the C14 pool, which do not result in a new CO, uptake. 
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ECONOMICS 


EFFECT ON DESIGN CHARACTERISTICS OF GREAT LAKES 
BULK CARRIERS BY PHYSICAL OPERATION LIMITATIONS 























Louis A. Baier 
Department of Naval Architecture and Marine Engineering, 
The University of Michigan, Ann Arbor 


INTRODUCTION 





The familiar type and proportions of Great Lakes cargo vessels differ from 
ships operating on ocean waters due to dimensional limitations peculiar to inland 
water transportation. Lock sizes, available dry dock capacity, river, channel and 
port depths, maneuvering ability in harbors and rivers, seasonal operation aver- 
aging about 245 days per year, are all restrictive factors forcing the designer to 
adopt dimensions somewhat abnormal for optimum construction costs. 

Length overall of 730 ft and beam of 75 ft are the present maximum dimen- 
sions specified by the St. Lawrence Seaway operation. Draft, which is the least 
costly dimension, is currently limited by project channel depths of 27 ft. The 
effect on construction costs of the above restrictions is reflected in the ratio of 


hull block cubic to hull surface, i.e., cargo capacity to hull structural cost. For 
example: 


Ocean ore carrier ......... Relative bulk/surface = 14.94 
Great Lakes ore carrier ..... " = ” = 12.50 
















A further direct handicap affecting the operating costs on the Great Lakes 
waterways is any increase in outflow volume from the Lakes; reversal of drainage 
inflow; and the continuing diversion of water from Lake Michigan by the City of 
Chicago for sewage disposal. Surveys indicate Lake Huron is ultimately lowered 
1 inch per 1000 cu ft/sec diversion to other continental drainage regions. Lakes 
Erie and Ontario suffer about 5/8 inch level drop for the same unit diversion. 

The above artificial loss of water results in a corresponding decrease in 
loading drafts for the larger lake carriers. The tons/inch of lighter draft, and 


hence cargo, runs from 50 to 113 long tons per ship. The potential loss in opera- 
tion income equals 


tons/inch of a given ship x inches of lowered lake 
level x number of trips/season x freight rate/ton 


and represents a potent factor unfavorable to the economy of lake transportation. 















The design and operating characteristics of a proposed commercial ship 
are based on the owner’s and naval architect’s appraisai of current and probable 
future economic factors. Fundamentally, these are the availability of cargo, initial 
capital costs of construction, present and anticipated levels of competitive freight 
rates for the particular trade and route, and operating costs. While the age of some 
vessels on the fresh water Great Lakes may be 50 to 60 years, obsolescence can 
and does shorten the profitable service life, due to operating costs per ton-mile 
ultimately exceeding the income per ton-mile. As costs rise, with a corresponding 
diminishing differential between outgo and income, then size of ship and trip capac- 
ity, machinery efficiency, improvement in time out for loading and unloading, and 
vessel speed must all be increased in order to remain solvent. The continued use 
of older vessels can be temporarily extended by repowering for higher speeds, 
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refinements in propeller and rudder, and incorporation of added length amidships. 
These expedients, however, have limitations, and ultimately the inefficient vessels 
are used for grain storage or scrapped, at which time large investments must pro- 
vide bigger and faster new boats as substitutes for the older tonnage, operated by 
practically the same number of crew. 

This historical trend in bulk carriers over the last sixty years is clearly 
evident on the Great Lakes, as shown on Figures 1 to 4. The plotted data repre- 
sent a cross section of hull dimensions and capacities for a range of vessels, many 
of which are one of a class built to the same design. From these charts the various 
growth trends may be approximated by the following factors. 


i ROE EE. 6b a Nah abe bees eNOS See SS ROEDER ERS 1.74 
Ee PEMD 1 ailiesc: (phe. ba liean a1 at ahaa) @ERWET Sa TaIY bs aR Es taal Soni 1.58 
Oi EN rsa Sola AN Gebel a~ desde a ata Wr bea ehatellern aveuees meee 1.39 
BE EINE alain“ SG5iic)6'e. aw 'o ate enele ana ble eS 1.30 
T/in - Tons per inch immersion .......cccccccccccce 2.63 
Ve EE 656 0 oe ies, ose 0 ele eee Serer 1.56 
eee re eee ee ee ee ee ee 3.91 
hs IIS lsh clign oS ENS vaso vad cdl Si dln oe Vere 3.43 
TM/hr - Cargo ton-miles per hour .........cccccccces 5.64 
i ee 1.14 
Sg a — DOU on WS ess ow eA oes 3.39 
Sa D> BO Ge ho cc wes os 600 8 OOS ews 3.52 


However, in the modern carrier, while potential draft and ton-miles have 
increased as above indicated, present channel and dockside depths do not permit 
current utilization of the full design possibilities. For comparative purposes, 
Figures 5 and 6 illustrate hull dimension trends for ocean going tankers (which 
are also bulk carriers) during the last forty years. 


MERON 59528) wre atlas ray ehin) ahagtalin: oro Seta ture ia eie la we lo ee tane eee 2.17 
SN iy Salata anignd ae geeiehel tiers ee Ree 6 eae ee eee 2.36 
a a ae eee eer ree era ee ee ee ra eee 2.05 
PRINS ic we ahvaria ch acaba aioe eutnlene aa ask eee eee 1.94 


Due to operating limitations the Great Lakes bulk carriers’ dimensions 
have expanded over the same time period. 


WON hice sey-a ya) laa ceo Orerea Slo ts RUE. Crmne utara le ela iehe alaUetane 1.19 
NEDA Ze 51k a) alae ans walle ie a ease came Nota nye ere ene ak eeewie ie 1.20 
BOIL: Aino a hoc ue. ora ae s34.7h Se! o aaiar SpOL Ee ake ce eae -evee ae aoe 1.20 
ee OCC CTS TTT Ce eC COC eC Tee 1.22 


Table 1 covers details of three particular ships, for two of which the writer 
was consultant, and again indicates the design handicaps inherent in inland trans- 
portation. 

It must be concluded from the above data that to approach an equivalent 
value of DW x MPH/L x B x D in the design of the Great Lakes boat, it has been 
necessary for the naval architect to utilize costly values of L/H, B/H, L/D and 
L/B, in addition to a low hull bulk to surface ratio. Obviously this economic pen- 
alty, plus higher wages, is a serious handicap in competition with ocean ore car- 
riers delivering Seven Islands’ ore to East Coast ports, foreign ore unloaded at 
Gulf ports for transfer to Lake mills via barges through Chicago, and the receipt 
of ore and finished steel into the Lakes by increased use of the St. Lawrence Sea- 
way. 

Table 2 confirms the relative investment costs of length, beam and depth, 
in terms of cubic ( A and DW) versus surface (costs). 
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Ocean Great Lakes Ocean 
Ore Carrier | Ore Carrier Oil Tanker 


Length, O. A. 
Length, B. P. 
Beam, Mild. 
Depth, Mld. 
Freeboard draft 


Displacement, L. tons 


Tons/inch 
Total D.W., L. tons 


662'-0" 710'-0"' 824'-8" 

630'-0" 690'-0" 782'-0" 
87'-o" 75'-o" 116'-0" 
45'-6" 37'-§"" 56'-0" 
33'-103" 25'-6" 42*-11" 


42000 S. W. 31650 F.W. 88702 S. W. 
113.0S.W. 110.72 F.W. 188.18. W. 
31510 S. W. 24404 F.W. 691715. W. 


Cpw = D. W./a 0.750- 0.771 0.780 
Shaft H. P. 13750 9350 Max. 22000 
Miles per hour 17.85 17.00 18.25 
LxB 54800 51800 90700 
LxBxH 1857500 1320500 2180000 
Lx Bx D (bulk) 2495000 1942500 5080000 
L (2B + 2D) (surface) 167000 155300 269000 
Ratio - Bulk/surface 14,94 12.50 18.90 
L/H 18.6 27.1 18.2 
B/H 2.57 2.94 2.70 
L/D 13.85 18.40 14.00 
B/D 1,91 2.00 2.07 
H/D 0.744 0.680 0.766 
L/B 7.24 9.20 6.74 
Mph/yL 0.710 0.647 0.652 
D. W. x M. P. H./S. H. P. 40.9 \ 44.4 57.4 
D. W. x M. P. H./LxBxD 0.2255 0.2138 0.2485 
D. W. x M. P. H. 562200 415000 1262000 


Built 


1954 1954 1959 
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Table 2 


Case 1, Hold L and B Constant. Vary D 


L [Bio wet wp} p/p | uxpxp | Ratio L(2B + 2D 
2082000 
2243000 
2403000 
2564000 
2725000 


2082000 162500 
2243000 ° 170500 
2403000 ° 178600 
2564000 ° 186900 
2725000 . 195300 


Case 3. Hold B and D Constant. Vary L 


2082000 162500 
2243000 ° 174900 
2403000 ° 187500 
2564000 ° 200000 
2725000 ° 212500 


Deductions 


Case 1. Gives least gain in surface for a given increase in cubic. 
Results in less increase in scantlings and max. gain in draft. 
Ratio bulk/surface runs from 12.82 to 15.19. 


. Ratio bulk/surface runs from 12.82 to 13.97. 


. Gives max. gain in surface for a given increase in cubic. 
Results in max. increase in scantlings and max. loss in draft. 
Ratio bulk/surface is constant at 12.82. 


Conclusion 


Least expensive gain in cubic, A and D. W. is by increase in D, and 
hence H, due to less surface and scantling costs. 


GENERAL DESIGN 


All ship designs are the result of compromises based on relative weighing 
of initial costs, available cargo, dock facilities with reduced port time features, 
economic speed associated with the type of cargo and trade route, and local condi- 
tions limiting free choice of length, beam and draft. Anticipated freight rates and 
shoal or restricted waters also influence the choice of speed, and hence power 
plant. Propulsive efficiency is affected by limited propeller diameter. Lock 
dimensions, available dry docks, shipyard building slips, channel and port depths, 
maneuvering ability in harbors and rivers, are all restrictive factors. In terms of 
initial cost, length is the most expensive, with beam and draft following in a 
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decreasing scale. Draft is the least costly dimension and hence the most desirable 
factor to obtain the optimum capacity and operation efficiency. 

By recent agreement between Canada and the United States through the St. 
Lawrence Seaway Authority and the St. Lawrence Seaway Development Corpora- 
tion, a maximum length of 730 ft overall and a maximum mld, beam of 75 ft are th 
current specifications. All modern lake carriers presently under construction are 
fitted out for salt water trips to the Seven Islands, located in the mouth of the Gulf 
of St. Lawrence, to transport Labrador ore into the Great Lakes. 

The MacArthur lock at the Soo is 800 ft between gates, 80 ft wide, with a 
depth of 31 ft. The Poe lock is currently 704 ft between gates, 95 ft wide, with a 
depth of 16.6 ft. Plans are underway to enlarge the Poe lock to 1000 ft x 100 ft x 
32 ft, with a clear chamber of 830 ft and a maximum lift of 27 ft. This 
$42,000,000.00 project should be completed by 1965. The Davis and Sabin locks 
are 1350 ft x 80 ft, with a least depth of 23.1 ft. By comparison the seven new 
locks in the St. Lawrence Seaway are 768 ft x 80 ft x 30 ft. Dry docks and building 
slips are available to handle the present optimum dimensions of 730 ft x 75 ft x 39 
ft, but these facilities will have to be enlarged when bigger vessels are promoted 
for interlake service. 


LENGTH 


This dimension up to the present 730 ft overall has been the least limited 
unit, and hence used to increase tonnage carried, despite its basic high cost. How 
ever, this has been warranted by the increase in number of dockside loading and 
unloading units and chutes made available over the larger number of hatches. As 
length increases, the speed can be raised in terms of the VL, resulting in a rela- 
tive decrease in the wave-making horsepower. Until rising costs and increased 
age made unprofitable the practice of adding parallel mid-body length into an exis 
ing older vessel, it was possible to offset limited water depths by this method, as 
illustrated in Table 3. 


Table 3 


Constant Beam = 54.5 ft. Constant Depth = 31 ft. Constant SHP = 3000. 


Length Original Plus 24 ft Plus 48 ft Plus 72 fi 
Lk 516 ft 540 ft 564 ft 588 ft 
Freeboard draft 21.4 ft mies it 20.8 ft 20.6 ft 
A, L. tons, FW 14750 15300 15800 16385 
Speed, MPH 13.41 13.38 13.32 13.22 
% gain ton-miles/hr 1.000 1.035 1.064 1.095 
L x Bx D (bulk) 872000 912000 953000 993500 
L (2B + 2D) (surface) 88200 92350 96400 100500 
Ratio, bulk/surface 9.88 9.88 9.88 9.88 — 
BEAM 


International agreement now limits the mld. beam to 75 ft. This dimensio 
is costly, increases the power required for a given speed, and approaches the fix 
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reach of many of the existing loading and unloading rigs, but does result in an 
investment cost less than added length. 


DEPTH 


Having fixed the length and beam, the minimum depth is determined by 
strength or section modulus requirements of the Classification Societies. In turn 
the allowable freeboard draft results from the final design. Depth is the closing 
dimension in determining the interior cubic capacity of a vessel. Ore is a dead- 
weight cargo, i.e., requiring displacement, and hence draft to obtain carrying 
capacity. On the other hand, coal, grain and light petroleum products are cubic 
cargoes, and require greater depth than draft for full capacity. An ore carrier 
loaded with grain or coal, for example, will not be down to her freeboard draft. 
Limestone falls between a cubic and deadweight type cargo. 


DRAFT 


This dimension is the least expensive initial and operational cost, but is 
limited by depth of water available and must conform with the required freeboard, 
thereby introducing incorporated depth. 

Freeboard regulations to establish loadlines are based on the International 
Load Line Convention of 1930, as amended in 1936 for voyages on the Great Lakes. 
Freeboard on the Great Lakes is assigned by the American Bureau of Shipping or 
Lloyd’s Register of Shipping, and enforced by the Coast Guard. The regulatory 
requirements are based on hull strength, proportions, and reserve buoyancy cor- 
rected for departures from standard specifications. This is the basic assigned 
summer freeboard, reviewed each six years, and hence determines the operating 
draft. Seasonal adjustments are permitted as follows: 


W - Winter season 1 November through 15 April 
I - Intermediate 16 April through 30 April 
1 October through 31 October 
S - Summer 1 May through 30 September 
MS - Midsummer 16 May through 15 September 


Draft allowances above or below the summer draft are computed for other 
seasons by the formula: Allowances in inches = summer draft in ft x a factor, as 
listed below. 


Season 
LBP Intermediate Winter Mid-Summer 
Under 400 ft - 0.25 - 0.50 + 0.30 
450 ft - 0.25 - 0.65 + 0.30 
500 ft - 0.25 - 0.80 + 0.30 
550 ft and above - 0.45 - 1.00 + 0.30 
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Example 


A modern Great Lakes carrier designed under the supervision of the author. 


RRS. ornca dn naan os ele aaleam 729'-0" 

ag 6 Nl kid Va) oni eh@s61 awe ele Rate. Ghee ert 711'-0" 

RINNE Fs ein ka ieb ahha lsd aoe ee aanepenaus 697'-0" 

DI 6 ce cabal s 84S 75'-45" 

ENE EIN spa a nee “slldie “Sein Gales ele 75"-0" 

SERINE a5 SiGe) wi SSei aiid beg pee 39'-0" 

III | X34 Gero deen eae ie 26'-83" FW .... 26'-1"SW 
UNG GOR nc kee ci ctens 27'-45" FW .... 26'-9"SW 
ROME © bx 6 ss Ki. wtb wee 25'-82" FW .... 25'-1"SW 
WOM od eek edcewe ds ewes 24'-53" FW .... 23'-102"SW 
A at summer draft, long tons ........ 34000 FW 

Tons/inch immersion, longtons ...... 113.9 FW 

Total D.W. at summer draft, long tons .. 26245 FW 

Cargo D.W. at summer draft, long tons .. 25435 FW 

ee ee reer ee 0.771 FW 

Cow =CargoD.W./A ........c000. 0.748 FW 

le sB =D (block bulk) .. 1... cece 2040000 

Lk (2B + 2D) (block surface) ......... 159000 

Ratio bulk/aurface . 0... cc ccc cess 12.83 

a a Serr ee ee 1395000 FW 


On the first commercial trip for this vessel, built in 1958, the author 
loaded 20000 long tons of Taconite pellets at Silver Bay, being restricted to a 
draft of 22 ft - 7 inches for a downbound trip. See Figure 7 for 24 September 1958. 
Since the seasonal summer potential draft was 26 ft - 8; inches, the loss in cargo 
amounted to 5435 long tons, which, at $2.00/ton, represented a decrease in income 
for this one trip of $10870.00. 

Smaller boats likewise experience the same economic effect from limited 
draft due to low water depths, as they generally operate between ports not dredged 
to depths available to the larger vessels. As another example, a bulk cement car- 
rier has the following dimensions, after being lengthened by 108 feet amidships, in 
1958. 


ar er eee ne are ee 446'-83" 
Naik Hike ig as Maclin ‘ap tain acta 428'-10s8"” 
eee eee ee eT ee eee 50'-33" 
SRNR RUINS 6 ics 25:1: S wtlbe ee.) bs seers ek oraenee <ale e Oleee 50'-0" 
Se a een era sarge ere era arr eee 29'-0" 
rr re 21'-%" 
Cargo DW. CApECity, IONE TONS civic ices see ees 7576 FW 
Tons/inch, immersion, long tons ............... 44.06 FW 


Due to low water at Green Bay the vessel could deliver only 6481 long tons 
of cargo. This loss of 1095 tons of cargo represents a non-realized income of 
about $2190.00. This situation is duplicated in many fleets, particularly in the 
larger boats, thereby nullifying the naval architect’s attempt to provide maximum 
capacity under hull restrictions of length, beam and depth. 

Figures 7 and 8 illustrate the large differentials between potential drafts 
and daily recommended service drafts, upbound and downbound for 1958 and 1959 ii 
the St. Marys and Detroit rivers. In 1960 the upbound draft for the Detroit and St. 
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Clair rivers was set at 23 ft-5 inches, due to completed dredging, as against an 
average of 19 ft-5 inches prevailing in previous years. 


DEPTH OF WATER 


The depth of water available to Great Lakes shipping varies throughout the 
years and during a given year, depending on several factors: 

1, Seasonal variation due to ice, precipitation of snow and rain, evaporation 
and natural outflow. The high levels occur in May, June and July, with the low 
waters during November, December, January, February, and March. The U. S. 
Army Engineer District, Lake Survey, Detroit, Michigan, issues monthly bulletins 
covering historical lake levels for previous years together with current levels and 
a six-months forecast for all the lakes. On this data and information the Lake Car- 
riers’ Association issue to their fleets recommended optimum drafts to the nearest 
inch, about twice a month for upbound and downbound vessels using the Soo and 
Detroit rivers, as illustrated on Figures 7 and 8. Ultimately the main channels 
will be deepened to 27 feet. In addition, fleet superintendents advise control drafts 
at each sailing based on available depths at loading and unloading ports. 

2. Wind and seiches, particularly in Lake Erie, produce variations in levels 
of as much as 12 to 13 feet at each end of the lake. The complete cycle of these 
seiches is about 14 to 15 hours. 

3. Continued dredging of channels, harbors and dock-sides, a very expen- 
sive operation. There seems to be some evidence that deepening of main channels 
has a tendency to lower depths along the shore line in rivers, perhaps because all 
the evacuated material is not returned to underwater dumping grounds. 

4. Control gates at Sault Ste. Marie to maintain Lake Superior levels in 
accordance with international agreements. 

5. Increase of outflow volume through canals. 

6. Increase of inflow volume due to reversal of existing river drainage. 

7. Artificial diversion of water from Lake Michigan by Chicago, which is 
lost to shipping needs by being returned to other continental drainage regions. A 
complete record of past diversions of water for sewage and domestic purposes by 
the above agency, and an exhaustive analysis of the effect of further diversions is 
published in U. S. Senate Document No. 28 by the 85th Congress, Ist Session, 1957. 
The progressive effects of a permanent unit diversion increase of 1000 cu ft/ sec 
at Chicago indicates that the level of Lakes Michigan and Huron will be lowered 
about 1 inch, and for Lakes Erie and Ontario a drop in levels of about 3 inch per 
unit will result. For some years this artificial loss of water has been the subject 
of extensive litigation between the City of Chicago and the six states of Ohio, Penn- 
sylvania, New York, Michigan, Wisconsin and Minnesota, all of whose water trans- 
portation economics are seriously affected by the above lowered lake levels. Chi- 
cago is practically the only major city located on the Great Lakes which is not 
equipped with adequate sewage treatment plants, thereby making it possible to 
return the treated water back to the lake source. The lost water up to the present 
time is used to flush the raw sewage down the Illinois Waterway. Prior to 1939 the 
monthly mean diversion by the Chicago Sanitary and Ship Canal, including domestic 
pumpage, has averaged 7222 cu ft/sec. A decree of the U. S. Supreme Court, issue 
21 April 1930, provided that after 31 December 1938 the diversion must be limited 
to 1500 cu ft/sec, exclusive of domestic pumpage. Since 1938 the domestic use has 
averaged about 1600 cu ft/sec, and Chicago is now attempting to have this increase 
based on claims that its suburbs have a water shortage. 

An increase in depths of channels and at port docks would permit the larger 
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vessels, with their higher economies, to utilize more of their potential draft and 
built-in capacity. In trades such as cement and coal, the smaller boats would like- 
wise benefit by increased available water depths. Operating costs would decrease 
and less hazard of groundings prevail. The following data are representative of 
these two types of trade. 

A bulk cement transportation company reports that a loss of 1 inch in draft 
represents 15000 long tons less cargo carried, based on 412 trips per year for their 
entire fleet, having an average tons per inch of 36.5. 

Another lake transportation company specializing in the coal and limestone 
trade indicates their large fleet averaged 1852 loadings per year, with the tons per 
inch varying from 105 tons to 80 tons in the smaller ships. On an average of only 
85 tons per inch per season, the loss in cargo carried would be some 158000 long 
tons. These two fleets alone would thereby suffer an income loss of about 
$346,000.00 per decrease of 1 inch in available depth of water. In addition, deeper 
water results in higher speeds for the same power and increased cargo capacity 
for the same initial investment. 


SPEED 


Increased speed in the economic index of Ton-MPH to offset the loss in tons 
due to under-drafts is not practical, for several reasons. For a given freight rate 
and assumed costs the speed for maximum profit, or least number of years to 
return the investment, can be estimated, with allowances for probable future 
changes in rates and costs. For example, the economic speed for Lake Michigan 
trade will always be higher than that for a vessel operating between lakehead and 
the lower lake ports, due to the loss in time-use of the potential power in locks and 
rivers. Speeds in open Lake Erie frequently are 5 per cent to 10 per cent lower 
than in Lakes Michigan and Huron, due to shoaler water. 

In addition to the loss in speed common to all vessels operating in shallow 
water, another factor is induced squat and change in trim in restricted channels 
which calls for reduced speed. In the case of certain vessels converted from ocean 
service to Great Lakes trade and having inherent high speed, the author has 
observed squats up to six feet, which on occasion has resulted in extensive bottom 
damage. 

Destruction of shore property along the rivers and cuts must be minimized 
by lower speed. The Coast Guard requires the speed be limited to 9 M.P.H. in the 
St. Clair river off Sarnia, 12 M.P.H. below Stag Island and in sections of the Detroit 
river. High speed in shoal and restricted waters induces loss in steering control, 
due to pressure differentials between hull and channel sides and bottom, which con- 
dition also occurs when passing another vessel close aboard. (See Table 4.) In 
certain depths of water and ship speeds a solitary wave of translation can be formec 
which has on occasion endangered the stability of course control. 
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The terms ‘‘Seaway’’ and ‘‘overseas trade’’ both appear in the title of this 
paper, but, with respect to cargo and vessel traffic, the two are not synonomous. 
A point or two at the outset seems warranted to clarify this rather common mis- 
conception. 

During 1959, the initial year of the Seaway era, direct overseas trade of the 
U.S. and Canadian lake ports accounted for about 27 per cent of the total cargo 
traffic of 20.6 million short tons moved through the St. Lawrence River section of 
the Seaway (see Table 1).* In 1960 the direct Great Lakes-overseas trade rose to 
about 36 per cent of the Seaway traffic which totaled 20.3 million short tons. Ad- 
ditional overseas cargo to and from the lake ports which was transshipped at 
Canadian ports east of the Seaway probably raised the total lakes-overseas trade 
in 1960 to 40-45 per cent of all cargo tonnage passing through the St. Lawrence 
section of the Seaway. The U.S. portion of this latter traffic for 1956-59 is shown 
in Table 2. 

From 1959 to 1960 the direct overseas trade via the upper St. Lawrence 
waterway rose more than 30 per cent, but total traffic declined 1.4 per cent. Cause 
for the decrease in domestic, or coasting, and U.S.-Canadian trade was primarily 
due to a sharp decrease in the upbound movement of Labrador iron ore—from 6.2 
down to 4.3 million tons—a result of adverse economic conditions in 1960. Bene- 
fits foreseen for the Great Lakes region from the use of deep-draft vessels to 
transport this ore resource to the lakes as well as to greatly expand direct export 
and import trade with many parts of the world were key considerations for con- 
structing the Seaway. 

Turning now, very briefly, to a few points regarding the extent and nature 
of Great Lakes-overseas commerce during the last three seasons—from the final 
pre-Seaway year. During this period the Great Lakes region has experienced 
some remarkable gains in waterborne world commerce. 

In 1958, for example, direct overseas trade of U.S. and Canadian lake ports 
(Table 1) represented only 10 per cent of the traffic of the pre-Seaway St. Lawr- 


Table 1. U.S. and Canadian Direct Great Lakes-Overseas Commerce: 1958-60 (in short tons)* 














1958 
Imports 


1959 
Imports 


1960 
Imports 





























Total 








Exports Total Exports Total Exports 














U. Ss. 707,830 347,643 360,187 3,916,357 1,083,310 2,833,047 4,819,260 901,909 3,917,351 
Canada 447,349 213,340 234,009 1,722,105 810,569 911,536 2,561,190 1,174,075 1,387,115 
Total 1,155,179 560,983 594,196 5,638,462 1,893,879 3,744,583 7,380,450 2,075,984 5,304,466 






















*Sources: 1958 and 1959 - U. S. Dept. of Commerce and Dominion Bureau of Statistics Reports. 
1960 - St. Lawrence Seaway Authority and St. Lawrence Seaway Development Corp., 

Traffic Report of the St. Lawrence Seaway, 1960. Based on ‘‘Foreign’’ traffic through Montreal - 

Lake Ontario section of Seaway. 


*The Welland Canal in 1959 became legally a part of the Seaway for purposes of tolls and 
physical improvement. 
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ence canals which totaled 11.8 million tons. This compares with the 27 per cent 
and 36 per cent for 1959 and 1960 when total St. Lawrence traffic was 20-21 million 
tons. The major factor in this sharp rise has been overseas exports of grain 
(Table 3). 

The hinterlands of the Great Lakes ports include the world’s greatest area 
of surplus agricultural production and, hence, export grains have been the first 
commodity group to make major use of the new cost-saving route. Direct over- 
seas grain shipments from U. S. lake ports in 1960 totaled over 2.3 million tons, 
whereas the flow through the St. Lawrence canals in 1958 was about 30,000 tons 
directly overseas and 208,000 tons to ports on the lower St. Lawrence for trans- 
shipment overseas. In 1959 when U.S. lakes-overseas grain shipments were 2.4 


Table 2. U.S. Great Lakes Overseas Commerce, Direct and Via Canada: 1956 - 
1959. Note: Via Canada is cargo transshipped through Canadian ports.* 


Shipping Weight (in short tons) 


Total Direct (in 000’s) via Canada (in 000’s) 
Year Tonnage Total Imports Exports Total Imports Exports 
1956 634,094 574.0 292.8 281.2 60.1 52.7 7.4 
1957 932,834 518.6 230.4 288.2 414.2 77.0 337.2 
1958 1,053,521 707.8 347.6 360.2 345.7 137.6 208.1 
1959 4,457,770 3,916.4 1,083.3 2,833.1 541.4 132.0 409.4 


Dollar Value 


Total Direct (in millions) via Canada (in millions) 

Value Total Imports Exports Total Imports Exports 
1956 $191,283,585 189.9 79.7 110.2 1.4 1.0 0.4 
1957 238,658,291 211.0 86.8 124.2 27.6 2.1 25.5 
1958 268,313,419 251.1 113.2 137.9 17.2 2.9 14.3 
1959 566,659,054 540.0 216.7 323.4 26.6 3.0 23.6 


*Compiled from special tabulations prepared for the Great Lakes Commission by the U. S, 
Department of Commerce. 


million tons—2 million direct and 400,000 via Canadian ports—the 102 million 
bushels represented nearly 12 per cent of the nation’s total grain exports. 

The prominence of grains in the tonnage of lakes-overseas commerce 
should not suggest the foreign trade routes are primarily for movement of export 
grain. In 1959, for example, although grains accounted for about 51 per cent of the 
U.S. direct overseas import-export trade in terms of tonnage, their dollar value 
was only 18 per cent of the total. With respect to exports only, the value of grain 
shipments was somewhat less than a third of the total. Figures are not yet avail- 
able for 1960, but the proportions likely will be similar to 1959. 

Recognition of grain’s relative position in the lakes-overseas trade serves 
as a summary means of suggesting the important share of this trade which is com- 
prised of a diverse and expanding array of products. The potential for steady 
growth of this non-grain trade is provided by a rich and dynamic area tributary to 
the Great Lakes which includes one of the world’s great industrial complexes. Iror 
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sable 3 - Leading Commodities in U. S. Great Lakes Direct Overseas Trade: 1959* 











Ranked by shipping weight tons Ranked by value dollars 
Imports 
All commodities 1,083,310 All commodities 216,663,469 
Rolled & finished steel mill prod., n.e.c. 376,933 Rolled & finished steel mill prod. 40,144,618 
Wood pulp 76,684 Motor vehicles, excl. parts 24,832,512 
Iron & steel semifinished prod. 70,420 Liquors & wines 22,926,354 
Mollasses, inedible 61,223 Wood pulp 7,447,360 
Residual fuel oil 46 857 Mach. & parts, n.e.c. exc. electrical 7,105,156 
Nonmetallic minerals & mfgrs., n.e.c. 42,425 Iron & steel semifinished prod. 7,052,647 
Liquors & wines 39,377 Electrical mach. & apparatus 7,004,179 
Benzol or benzene 33,412 Glass & glass prod. 6,162,266 
Exports 
All commodities 2,833,047 All commodities 323,370,341 
Grainst 1,994,121 Grainst 98,221,031 
Animal oils & fats, edible 107,842 Industrial mach. & parts, n.e.c. 14,622,246 
Vegetables & preparations, n.e.c. 73,020 Motor vehicles, excluding parts 14,400,304 
Animal feeds, n.e.c. 71,167 Construction & related mach. & parts 14,155,292 
Animal products, inedible, n.e.c. 58 ,462 Metalworking mach. & parts, n.e.c. 12,966,735 
Wheat flour & semolina 34,296 Vegetables & preparations, n.e.c. 10,614,003 
Hides & skins, raw 21,500 Agric. mach. impl. & parts 8,641,049 
Dried milk & solids 20,334 Chemical specialties 8,612,570 


*Compiled from special tabulations prepared for the Great Lakes Commission by the U. S. Department of 
Commerce. 


tBarley, oats, corn, wheat, rye, flaxseed and soybeans. 


and steel scrap, a bi-product of this economy, offers a good example of trade 
stimulated by the Seaway. With world demands for scrap running high in 1960, 
U.S. lake port shipments to Europe and Asia reached large-scale proportions for 
the first time—well over 400,000 tons and about 6 per cent of the nation’s record 
export of this commodity. In 1959 the volume had been only 10,000 tons. Accessi- 
bility to the Midwest sources of scrap supply by deep-draft shipping contributed 
heavily in this new trade development. 

Regarding dollar value of the lakes-overseas trade, there are just two 

points I will make. 

1. You will note in Table 3 that the rank of commodities in tonnage is quite 
dissimilar to rank in dollar value. I believe too little recognition has 
been given to the value factor. 

2. In Table 2 you will note total tonnage and dollar value of U. S. Great 
Lakes-overseas commerce. As an indication of the significance of this 
trade, I call your attention to 1959 when 3.9 million tons of direct over- 
seas commerce amounted to $540 million. By way of comparison, the 
commerce between U. S. Great Lakes ports and Canadian Great Lakes 
and Atlantic ports that year was $497.4 million although the weight of the 
commodities totaled nearly 31 million tons. Addition of the transshipped 
cargoes brings the total value of U. S. lakes-overseas trade to about $70 
million more than the lakes and Seaway trade between U. S. and Canada. 

One final observation regarding the Seaway cargo tonnage: it is frequently 

compared with the traffic estimates which were set in 1958 as a basis for estab- 
lishing tolls to amortize the Seaway project within 50 years. With the approximate 
cost of the project, plus interest, known and reasonable rates established, it be- 
came necessary to distribute the needed annual revenues from traffic over the 
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fifty-year period. To make the project self-liquidating, estimated cargo tonnage in 
the first year of operations for the Montreal-Lake Ontario section was set at 25 
million short tons, reaching 50 million tons annually by the tenth year and remain- 
ing at that level for the rest of the amortization period. It is unfortunate, undesir- 
able and unsatisfactory to continue to measure the success of the Seaway largely in 
terms of these convenient 1958 estimates which are markedly affected by numerous 
economic factors. The added stability which the Seaway has given the Great Lakes 
iron and steel industry through providing an economical route for receipt of addi- 
tional ore supplies is but one of the numerous existing and potential benefits which 
Seaway tonnages cannot reflect. 

The Seaway opening offered new traffic prospects to a large segment of the 
world’s merchant marine, and a sharp increase in flow of ships between overseas 
and Great Lakes ports resulted. Upbound passages through the Welland Canal by 
vessels on such voyages, for example, rose from 502 in 1958 to 919 in 1959 and 945 
in 1960 (Table 4).* Trips by scheduled services totaled 399 in 1958 and in 1960 
reached 517. Comparable figures for non-scheduled trips were 103 and 428. While 
these overseas transits nearly doubled following the Seaway opening, it appears the 


Table 4. Overseas Vessel Traffic Through the Welland Canal: 1958-1960* 


1958 1959 1960 
Trips into Lake Erie and beyond 
which originated overseas 502 919 945 
Trips by scheduled services 399 496 517 
Trips by non-scheduled vessels 103 423 428 
Termini for voyages: 
Lake Erie 10 42 36 
Detroit and St. Clair Rivers 75 62 126 
Lake Huron 14 11 10 
Lake Michigan 387 559 511 
Chicagot 359 509 467 
Beyond Soo Locks 41 307 338 
Duluth-Superior 14 228 241 
Lake Michigan and Lake Superior 25 62 76 





*Data compiled from vessel passage reports, Bureau of Customs and local port records and 
field investigations. 


tScheduled vessels calling at Chicago in 1960 totaled 398, only one less than in 1959. Cus- 
toms records are slightly higher due to second calls by some vessels before leaving the 
lakes. 


*Yearly totals for this traffic up to 1958 appear in the annual reports of the Lake Carriers’ 
Association, but such data are no longer compiled. 

Most records of overseas trips into the lakes are misleading and inaccurate as a re- 
sult of being based on the number of ships having registries other than U. S, or Canadian. 
A substantial number of British vessels operate in the Canadian coasting trade but are not 
identified separately from foreign vessels operating in the overseas trade. U, S.-flag 
vessels engaged in world trade also are not recognized separately in published reports. 

To overcome these handicaps the author has maintained a record of Welland passages by 
vessels engaged in direct overseas trade. 
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registered net tonnage of the vessels increased about five or six-fold from the 1958 
total of 400,000 tons. In addition to the ocean shipping using the Welland, a sub- 
stantial volume of such traffic terminates at Lake Ontario ports. 

The 945 ocean voyages extending beyond the Welland Canal during the 1960 
season were terminated in the following areas: Lake Erie 36, Detroit and St. Clair 
Rivers 126, Lake Huron 10, Lake Michigan 511 and Lake Superior 338. Calls were 
made at both Lake Michigan and Lake Superior ports on 76 of the trips. Changes 
in the traffic pattern from 1959 to 1960 stemmed largely from a longshoremen’s 
strike which doubled the trips terminated in the Detroit-St. Clair area and resulted 
in a fewer saltwater ships entering Lake Michigan. The decline, however, was 
primarily in charter vessel traffic. 

The rise in number of overseas voyages into the Great Lakes has been ac- 
companied by a greatly expanded world area becoming linked with the Great Lakes 
region in trade. In 1958, scheduled services from U.S. lake ports extended to 
western Europe, the Mediterranean, northwest Africa and the Caribbean. With the 
Seaway opening came regular operations to the Persian Gulf and India. In 1960 two 
additional lines strengthened this Middle East service, and new routes were opened 
to southeast Asia and Japan. The 1961 season will see a second liner service to 
Japan, further development of the Australian service initiated late last season and 
service to the Philippines and Formosa. 

In the Great Lakes region many actions have been completed recently or 
are in process to provide for the efficient and economical development of world 
waterborne commerce. At least a dozen lake ports have constructed entirely new 
cargo terminals, and expansions and improvements have taken place at essentially 
all ports engaged in overseas trade. Measures also have been taken to improve 
manual and mechanical operations at the docks and to increase the harbor depths 
in adjacent waters. In concert with these port development programs is the federal 
project for deepening the channels connecting the Great Lakes. Completion in 1962 
will provide 27-foot channels throughout the lakes system. Full benefits from this 
project will come as channels in the various harbors are improved to accommo- 
date deeper draft ocean and lake vessels. 








Pubn. No. 7, Great Lakes Res. Div., Inst. Sci. and Tech., The Univ. of Michigan, 1961 


ECONOMIC CONTRIBUTION OF THE TRAWL FISHERY 
TO MICHIGAN : 


Keith D. Brouillard 
U. S. Bureau of Commercial Fisheries 
Ann Arbor, Michigan 


The trawls fished in the Great Lakes are similar to the shrimp trawls used 
in the Gulf of Mexico. This gear consists of a funnel-shaped net held open by two 
boards and is towed along the bottom of the lake. When properly operating, this 
gear is more efficient than stationary gear for the capture of many species of fish. 
The cost of trawl nets is relatively low, with the result that the cost of production 
often is lower than for other types of gear. At present the use of trawls is experi- 
mental and is hampered by restrictive laws which limit the collection of data on 
certain aspects of operations. 

Trawl fishing on the Great Lakes was initiated in the State of Wisconsin. Ir 
that state trawling is allowed under a permit system on an experimental basis. 
Due to the fishermen’s lack of experience, few large catches were made with the 
gear prior to 1959. In 1959 five vessels operated as trawlers and had varying de- 
grees of financial success. 

The advent of trawling in Wisconsin waters and the severe financial decline 
of the commercial fishing industry led the State of Michigan to allow trawling unde 
a permit system. On June 12, 1960, trawling became legal for the first time in the 
Michigan waters of Lake Michigan south of Ludington. Several commercial fisher 
men expressed interest in the new gear, but only four of them obtained and used 
permits. These fishermen started experimenting with trawls during June. They 
soon found that it would be difficult to learn how to operate the new gear. 

Three of the permittees owned and operated former gill-net vessels, which 
had been modified for trawling. The modifications consisted of removing part of 
the housing and installing the equipment necessary for trawling. The fourth per- 
mittee purchased a former shrimp boat which had operated in the Gulf of Mexico. 

The investment in the trawl fishery is not large in comparison to most in- 
dustries. An appraisal of the value of the vessels placed the value at $84,000. It 
should be realized that the appraised value may not be the market value of the 
fleet. Unfortunately, there is no method of determining the market value of the 
trawlers because none have been sold in this area. Book values of the vessels 
may give true indications of investment for this fleet. Valid records of deprecia- 
tion are not available, however, and in some instances the actual purchase price i 
unknown. 

The permanent modifications on the vessels have had the effect of increas. 
ing the value. For the four boats which are now operating, a total expenditure of 
$16,000 was made for permanent modifications. The addition of this sum brings 
the revised appraised value of the fleet to approximately $100, 800. 

The investment in rigging and trawl nets has been relatively minor, i.e., 
only $7,900. In comparison to the costs of gill nets this expenditure is low. Some 
of the trawl nets purchased were not of the proper size and were used only when 
the better nets were damaged. 

The largest single operating expense in 1960 was $16,700 for wages paid 
crew members during the fishing operations. The next largest expense was 
$10,000 for such items as fuel and oil. Vessel maintenance, docking, and shore 
‘facilities cost an additional $9,300 for the operating period. The actual charges 


182 





used 
two 
‘is 

fish. 
‘tion 
peri- 
on 


in. In 
S. 
the 
g de- 
lecline 
y under 
in the 
fisher- 
ised 
They 


which 
rt of 
per- 
exico. 
yst in- 
0. It 
the 
the 
els 
yrecia- 
price is 


ncreas- 
ure of 
yrings 


im, 
,, Some 
y when 


s paid 
aS 

shore 
arges 


MICHIGAN TRAWL FISHERY 183 


for docking were nominal and of little consequence during 1960. This cost can be 
expected to increase in 1961 because low-cost docking facilities are no longer 
available. 

These actual cash expenditures during 1960 by the trawling fleet amounted 
to $60,700. Of this sum the expenditures for vessel modifications are one-time 
costs. Rigging and trawl nets probably will be replaced on an annual basis and will 
amount to approximately the $7,900 figure already given. The other expenditures 
will be considerably higher during a full year of operation. 

Employment data are difficult to obtain for the trawling operations. Many 
small businesses obtain economic benefits from the trawlers, but the number of 
workers obtaining part-time employment as a result of the fishery cannot be de- 
fined. Over 1,800 man hours were expended in the conversion of the gill-net ves- 
sels to trawling vessels. The labor included the employment of welders, electri- 
cians, machinists, and common laborers. In addition, 12 individuals were employed 
full-time during the fishing operations. An additional 10 workers were directly 
employed part-time in transporting, freezing, and storing the fish produced by the 
trawlers. No accurate estimate of employment is possible in the fields of pet food 
canning, mink-farming, and fish smoking. Fields such as net-making, wholesaling, 
retailing, and the petroleum industry have obtained employment and financial bene- 
fits from this new fishery. Unfortunately, it is nearly impossible to determine the 
extent of the benefits to these industries. 

The production by the four vessels for the period of June 12 through Decem- 
ber 31, 1960, was not large—only 1,400,000 pounds of fish. Of this volume about 
120,000 pounds were utilized for human consumption. These fish were large chubs 
processed by smoking firms and distributed throughout Michigan and nearby states. 

The remainder of the catch was sold for animal food. Small chubs were the 
predominent species; alewives and smelt contributed only a minor part of the total 
poundage. Most of these fish were fed to mink and a small percentage was used in 
pet foods. Some of the fish were shipped to Wisconsin and the remainder sold in 
Michigan. It is estimated that the catch produced by trawlers was sufficient to sup- 
ply the fish requirements for 36,000 mink. This contribution is rather substantial 
for only the initial half-year of operation. 

The production by the trawlers resulted in sales amounting to $45,700 for 
the fishermen. Of this total, $18,000 came from the sale of large chubs for smok- 
ing. Thus, 8.5 per cent of the poundage provided 39 per cent of the value. The fish 
sold for consumption by animals averaged only slightly over 2 cents per pound. 
This price appears to be low, but it is all that can be expected from the animal- 
food market because substitute products are available in the same price range. A 
fishery which supplies the raw material for animal foods must maintain a high vol- 
ume of production at a low profit margin per pound. 

When we look at the expenditure of the trawl fishermen and compare it to 
their sales, we find them in a rather poor economic position. As was indicated 
earlier, total expenditures amounted to $60,700, while total sales were $45,700. 
The loss was $15,000 for the four vessels. If the one-time investment, that is the 
conversion cost, is not considered in the expenditures we find that the trawlers ac- 
tually had a profit of $1,800 for 6 months of operation. It cannot be said that they 
had a net profit since no depreciation has been calculated. Unfortunately, deprecia- 
tion rates are not available at this time. It does appear that the operators may have 
broken even, but the return on the capital investment was practically nil. 

It is felt that the income of the trawl fishery can be increased substantially 
during the coming year. The liberalization of fishing regulations to permit the cap- 

ture of all commercial species would increase the income considerably. The pres- 
ent permits provide only for the catching of chubs, smelt, alewives, and lake 
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herring. No other species can be taken legally by trawling gear. It is not known if 
trawls can damage the fish stocks of Lake Michigan, and it will never be known un- 
less the regulations are relaxed. No economic or biological justification exists for 
the present tight restrictions on trawlers. Biological research now being conducted 
and to be continued in the future will forestall any harm by this gear to the fish pop- 
ulations of Lake Michigan. 

Another means of increasing the income of trawlers is through the channel- 
ing of a greater share of the production to the human food market. This possibility 
is being explored at this time. Small chubs can be dressed, filleted, or pickled for 
human consumption. 

Smelt are used for human consumption, but the expense of sorting these fish 
from the trawl catches has limited the full utilization of the species. Experiments 
are being started with sorting machines in an attempt to reduce the cost. Several 
methods of marketing this species are available. Machines which fillet, head and 
dress, or cut bite-size pieces are being used in other areas—principally Canada— 
to process smelt. 

Alewives are not utilized for human consumption in the Great Lakes area. 
This species has been used as ‘“‘pickled herring’’ by east-coast processors for 
many years. It has been found that alewives can be filleted on a machine now owned 
by the Bureau of Commercial Fisheries. Additional research on the alewife prob- 
lem may make it possible to improve the demand and increase the ex-vessel price 
for this specie. 

An important factor which has limited the success of the trawlers has been 
the lack of ready capital. At present there is a wealth of knowledge on methods 
which will improve the efficiency of trawling and increase profits, but the imple- 
mentation of this knowledge requires the expenditure of money. During the next few 
months attempts will be made to aid the trawl operators through fishery loans which 
may be granted by the Bureau of Commercial Fisheries through the fisheries loan 
fund. The usefulness of this loan program is limited, since the funds are to be used 
for vessel financing and cannot be employed for shore or docking facilities. These 
two items probably offer the most pressing problems and will require solving be- 
fore the fishery can expand to any great extent. 

Despite the limitations under which the present Michigan trawl fishery op- 
erates, an income of $90,000 is expected from the full year of trawling during 1961. 
Should fishing regulations be liberalized and efficient shore facilities established, 
the income could be in excess of $150,000. This will result in increased employ- 
ment and added capital investment in the State of Michigan. 
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WINTER RESEARCH ON LAKE ONTARIO 


D. V. Anderson, J. P. Bruce,* U. Sporns* and G. K. Rodgers 
University of Toronto, Department of Geological Sciences, and 
Canada Department of Transport, Meteorological Branch 


INTRODUCTION 


While the pace of research on the Great Lakes has quickened in the past 
few years (Verber 1955, Smith 1956, Anderson 1960), most of the problems are of 
such magnitude that only a start really has been made upon them. Until the winter 
of 1959-60 when surveys were conducted on Lake Ontario with the Porte Dauphine, 
no hydrometeorological observations had been made on any of the lakes in winter. 
Thus we are just on the threshold of studies which will lead to such things as ac- 
curate forecasts of freeze-up and break-up on each of the lakes, and on the St. 
Lawrence to Montreal. Specific applications of this sort will come from energy 
budget studies, and winter conditions are vital to obtaining complete seasonal in- 
formation (Rodgers and Anderson 1961). 

Of course, complete knowledge of the lakes through all seasons is neces- 
sary for most applications, and the winter may, in some of them, be critical. For 
example, forecasting lake levels depends upon knowing lake evaporation, which is 
greatest in winter. And in fisheries, severe winter conditions may well exercise 
predominant control on hatching and early development of fish, and so understand- 
ing of environmental effects in winter will be essential to following the fluctuations 
in population of certain species. In other applications such as sewage disposal, 
water supply, weather forecasting and shore erosion, conditions in each season 
may have equal importance, although there are very few winter observations to ap- 
ply in these fields. 

The obvious need, for all purposes, to study the lakes in winter has not been 
met previously because of the difficulties involved in mounting adequate lakes re- 
search programs (Anderson 1960). In lakes research agencies, modest summer re- 
search programs have necessarily been emphasized, especially since university 
personnel and students are available then. Moreover, research vessels which are 
more or less adequate in summer cannot be used safely in winter. 

In 1956-57 the senior author first made some observations on Lake Ontario 
from Plainsville, a small tug on loan from the Royal Canadian Navy, the prototype 
of surveys made by Porte Dauphine already referred to. One of the main reasons 
for selecting a Porte class gate vessel for a research vessel (Anderson 1957) was 
the suitability of this type of craft for operating in winter. They are strengthened 
for ice and their modified trawler bow with a well raked stem and shallow curved 
forefoot enables them to break ice up to a foot or two in thickness. 

The 1959-60 winter’s operation more than justified the expectation of the 
suitability of the Porte Dauphine. Working was uncomfortable, of course, and in 
several storms shelter had to be taken, but even when covered with ice her stabil- 
ity was not reduced dangerously. Navigation was a bit more difficult without navi- 
gation lights and buoys, but the master reported that there was little hazard from 
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his point of view. The taking of observations required a few special arrangements 
such as heated pulleys for the bathythermograph winch, and because of icing of in- 
struments some observations could not always be made. It was concluded that in 
spite of these minor difficulties research can be conducted in winter very well in- 
deed with a well founded research vessel such as the Porte Dauphine. 

The Porte Dauphine’s January 1960 cruise caused quite a stir in some 
ports. When she had to put into Oswego, New York, to wait out a storm, the Palla- 
dium-Times reported ‘‘Generates Excitement—Canadian Ship First Mid-Winter 
Visitor to Oswego Harbor in Years.’’ The paper went on to say, ‘‘This is the la- 
test winter trip in modern times that a large vessel has made into Oswego accord- 
ing to old-timers.’’ However, apparently the schooner St. Nicholas made trips 
back and forth between Oswego and Toronto in 1855 and the schooner Ella Murton 
made similar trips to Kingston in January 1890, and car ferries of the Ontario Car 
Ferry Company operated for many years between Cobourg and Rochester. 

Thus proof was given, if proof were needed, that work can be continued 
during the winter. Lake Ontario, having little ice, is a suitable area of work for 
the Porte Dauphine. A small ice-breaker would be needed to work on the other 
lakes in most winters. In the winter 1960-61, the federal Department of Transport 
which now operates the Porte Dauphine on behalf of the Great Lakes Institute, Uni- 
versity of Toronto and its affiliated agencies, undertook a major refit of the vessel. 
During the refit period January-March 1961, this department made available the 
C.M.S. Grenville, a St. Lawrence River buoy-tender, to permit continuity of the 
winter observation program. 


ICE CONDITIONS 


The study of lake ice is among the major problems of Great Lakes re- 
search. Thiele (1960) has given a review of what is known of Great Lakes ice and 
has shown what would be involved in implementing winter navigation on the lakes. 
He also gives some specific information on the distribution and character of ice on 
the lakes. Among his conclusions are two that indicate the potential commercial 
value for navigation purposes alone of winter studies on the lakes: ‘*... Eco- 
nomic developments are gradually creating a requirement for winter operations on 
the Great Lakes . . . There is every reason to believe that general all-year com- 
mercial navigation on the Great Lakes will become a reality with the expanding 
economy and the increased demands for transportation facilities. Winter operation 
of the St. Lawrence Seaway, although possible, will require costly installations and 
equipment which, measured against the economic gain, does not appear practical at 
this time.’’ 

Somewhat surprisingly, no accurate information has been available on dis- 
tribution of ice, let alone on its characteristics, especially in mid-winter. Of 
course, data have been obtained for purposes of aiding ship operations near the 
opening of navigation (Thiele 1960), and ice-breakers of the U. S. Coast Guard and 
Canada Department of Transport have provided a good deal of practical informa- 
tion on operating conditions in ice in certain areas such as Toledo, Chicago, De- 
troit, Port Arthur and other harbors. 

Thus it was a significant step forward when the Canada Department of 
Transport, Meteorological Branch began to make experimental aerial reconnais- 
sance flights of ice in Lake Ontario and eastern Lake Erie. Three flights each of 
five hours duration were made on 31 January, 24 February and 23 March, 1960. 
These showed the feasibility and value of such flights as much as they revealed in- 
teresting scientific information—so much so that the Department of Transport 
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made trial operational ice reconnaissance flights over Lake Superior, the North 
Channel, Georgian Bay and Lake Erie during March and April 1960 in preparation 
for opening of Lakes navigation (Archibald et al. 1960). In the winter of 1960-1961 
a program of 11 aerial reconnaissance flights was followed. Ship observations for 
four of these flights were taken by the C.M.S. Grenville. 

The Porte Dauphine and the Grenville made observations of ice in the east 
outlet basin of Lake Ontario on the same days as the flights so that surface infor- 
mation on water temperature, winds, ice structure, etc., was available for correla- 
tion with the aerial inspection. 

The distribution and character of the ice observed by the ice observer tech- 
nicians in January 1960 are shown in Figures 1 and 2. Figure 1 shows conditions 
observed from the Porte Dauphine, and Figure 2 illustrates the aerial observa- 
tions. These maps indicate the maximum extent of ice cover during the winter 
1959-60. While the two charts differ in detail, the main features are clear. Some 
pancake and slush ice was found in the outflow waters on the Niagara River and 
south of Prince Edward County, but otherwise the main body of the lake was free of 
ice. At the margins, only a few hundred feet of broken ice recurred on the south 
shore and much less on the north shore. 

The detailed surveys of the eastern outlet basin indicate that in January a 
ship moving from Main Duck towards Wolfe Island would have encountered eight to 
nine-tenths coverage of young ice several inches thick. However, by February 24 
conditions had improved to the extent that only five-tenths of pancake ice one-half 
to 1 inch thick would be encountered on the trip. Along the shores though and close 
to the islands, fast ice of 3 to more than 16 inch thickness would be encountered. 
While air temperatures were about 3 degrees Fahrenheit above normal in Febru- 
ary 1960 at shore stations around Lake Ontario, they were still well below freezing 
(25°F) and thus the less extensive ice in February must be attributed largely to the 
movement of ice out of the eastern outlet basin into the lake and its dissipation 
there. In support of this view, the mean wind speed for February at surrounding 
shore stations was 18 per cent higher than normal and included several extended 
periods (Feb. 5-6, 17-18, 24) of strong easterly winds. 

The most extensive ice cover in Lake Ontario in the 1960-61 winter was en- 
countered in February. This is illustrated in Figures 3 and 4, showing the obser- 
vations of the Grenville cruise of Feb. 6-9, 1961, and the aerial reconnaissance 
Feb. 15, 1961. A key to ice symbols used is given in Figure 5. 

In order to study and forecast the formation of ice on lakes, it seems to be 
most logical to evaluate those terms in the energy budget that contribute most to 
energy loss from the lake in winter months and try to characterize these terms of 
the energy budget by readily available meteorological parameters. The magnitudes 
of the various terms (monthly means) in the energy budget for Lake Ontario have 
been given by Rodgers and Anderson (1961). They show that energy loss due to con- 
duction of sensible heat to the atmosphere, and energy loss due to evaporation from 
the lake are about equal in magnitude during the winter months. Almost all of this 
energy is derived from heat storage. The net back radiation varies little through- 
out the year and is almost equal to the solar radiation incident to the water surface 
during the months of January and December on cloudy days. 

The formation of ice would naturally be favored by shallow water having a 
small heat storage, and by low air temperature, providing a large gradient for the 
heat flux from the water to the air for the conduction of sensible heat to the atmos- 
phere. Another meteorological element favoring heat loss is a high wind speed 
which will enlarge somewhat the effective interface between the water and the air 
and therefore allow for greater flux of heat from the water to the air, as well as 

more rapid distribution of heat by turbulent eddies. Energy loss from the water by 
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METEOROLOGICAL BRANCH 
DEPARTMENT OF TRANSPORT - CANADA 


KEY TO ICE SYMBOLS 


CONCENTRATION AGE ICE OF LAND ORIGIN 
A 


b 
ees coverage & lemerge (amy) 
dominant, secondary 
A Icebergs ( few) 
0.1 to 0.5 coverage Si - Slush 
7 Y = Young Ice Bergy bits and 
W - Winter Ice growlers (many) 
To» to 0.8 coverage Pi - Polar Ice 
Bergy bits and 
NJ 
SO 9 


a growlers (few) 


0.8 to 1.0 coverage Examples: A , A ,etc. 


Si.w Pl WATER FEATURES 


1.0 coverage (no water) 





PUDDLES 
CONCENTRATION BY SIZE ae — Crack 
ec. Pd 
MoM _oNg dominant condition = _ Lead 
n, - tenths of slush, brash Tenths of ice covered 
and block if not frozen or rotten Polynya 
",° tenths of small and 
medium floes F - Frozen 
ny tenths of giant floes R - Rotten UNDERCAST 
and field EE 
TOPOGRAPHY Examples: £4:P42d. by Limits 


AA Rafted ice 
THICKNESS OF SEA ICE AND SNOW BOUNDARY 





AAA Ridged ice T,.S,. where n.- nearest ft. 
nn Known 
00 Hummocks HH Radar 
---- Assumed 
Examples: T.S, etc. coco Limit of 
52 Estimated 


data 


Symbols used for Recording the Various Ice, Snow, and Water Features. 


Fig. 5. Key to ice symbols. 
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evaporation depends of course on the vapour pressure gradient between the water 
and the air, and wind speed. Next to temperature, the mean monthly wind speed 
seems at first sight, therefore, to be one reasonable index of energy loss from the 
lake during the winter months. Furthermore, as will be seen later, higher wind 
speeds seem to be related to greater cloud cover during the winter months and 
therefore reduce solar radiation incident to the water surface by about one-half on 
a cloudy day, in comparison with a clear day. However the mechanism of freezing 
of a large lake is poorly understood, and it may be that wind induced mixing of sur- 
face waters and warmer deeper waters will inhibit freezing, so that increased 
energy loss is counterbalanced, up to a point, by entrainment of deep water. 

Since the other lakes freeze over and Lake Ontario normally does not, one 
wonders how frequently Lake Ontario does freeze. Thanks to a meteorological ob- 
server of the Department of Transport (Mr. A. W. Hooper) and a former employee 
of the Ontario Car Ferry Company (Mr. R. S. Martin of Cobourg), we learned of 
the little known occasion during the winter of 1933-34 when the lake did freeze over 
to a thickness of half a foot or so. Data were compiled for this winter from Toron- 
to, Kingston and Rochester and were compared with long-term averages from the 
same locations. The results are shown in graphical form in Figure 6. The most 
striking feature is the great reduction in average monthly temperature, especially 
for February. The wind on the other hand was average, and so no conclusion can 
be drawn about its role in ice formation. 

This winter of 1933-34 was the only winter from about 1908 onward in 
which the lake did freeze, according to information from Mr. J. A. Sauve of the 
Canadian National Railways, who was also connected with the Ferry Company. We 
have an unconfirmed report that the lake froze in the winter of 1892-93. Thus it 
may be supposed tentatively that the lake will freeze over about once every fifty 
years, although long term climatic warming or cooling may greatly modify this 
period. 

The winter data for 1959-60 and 1960-61 will be used shortly in energy 
budget calculations for the two winters, but the 1961 data were not readily avail- 
able in time to complete such calculations for this paper. 


COMPARISON OF OVER-LAKE AND OVER-LAND CONDITIONS 


In the solution of many lake problems we will not have, in the foreseeable 
future, enough direct observational data. Thus a good relationship between over- 
lake and over-land conditions will permit use of shore station data in solution of 
such problems. Comparisons have been made here between the values obtained in 
the ten winter cruises of 1959-60 and 1960-61 with short-term and long-term mean 
land data on vapour pressure, air temperature, wind speed and cloud cover. 

A summary of the results is given in Table 1. As far as the wind factor is 
concerned, the mean ratio of lake wind to land wind of 1.61 obtained in the ship 
data is very similar to the spring ratio obtained by Bruce and Rodgers (1959) using 


Lake data : 
Taek don for the Winter Season 


over Lake Ontario 


Table 1. Ratio (R) = 


Parameter R Range of R 
Vapour Pressure 1.16 0.96 - 1.30 
Dry Bulb Temp. 1.10 0.84 - 1.31 
Wind Speed 1.61 1.13 - 2.30 


Cloud Cover 1.00 0.34 - 1.36 
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Fig. 6. Meteorological elements for Toronto, Kingston and Rochester, winter of 1933-1934, 
average meteorological conditions 1921-1950, and lake conditions 1959-1961. 


Main Duck Island observations, although 


somewhat lower than the 1.97 value ob- 


tained for the fall season by means of the Main Duck Island data. The higher val- 
ues at Main Duck Island may be attributable to the height of the anemometer of 90 
ft above water as compared with 40 ft on the Porte Dauphine. It will be noted from 
Table 1 that a wide range of the wind ratio and those of other elements were ob- 
served on various cruises. These did not appear to be seasonally biased but were 
related to the meteorological conditions obtaining at the time of the cruise. 
Monthly averages of land station data and lake cruise parameters are 
shown in Figures 7 and 8. Not surprisingly, the air temperatures observed over 
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Fig. 7. Comparison of meteorological elements over Lake Ontario and at shore 
stations, 1959-60. 


the lake fall between the water and land air temperatures except for March, and the 
wind speeds are consistently higher. 

Mean monthly water temperatures of the lake surfaces were obtained from 
the cruise data for the two winters by planimetry. The results were not signifi- 
cantly different from the mean water temperatures presented by Millar (1952), as 
shown in Figure 9, although the temperatures in the deepest part of the lake in the 
southeast, as observed in the past two winters, were slightly higher (1-2°F) than 
Millar’s charts indicate. Volume average temperatures are given in Figure 10. 
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Fig. 8. Comparison of meteorological elements over Lake Ontario and at shore 
stations, 1960-61. 


The close agreement of two years’ data, along with the agreement of recent sur- 
face temperatures with those of Millar, indicates that these curves are reasonably 
accurate preliminary estimates. 


CONC LUSION 


It has been amply demonstrated over the past two years that valuable data 


can be collected from well-founded ships on Lake Ontario in the winter. 
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Fig. 9. Average surface temperatures of Lake Ontario during winter months, excluding 
east outlet basin. 
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Fig. 10. Volume average temperatures of Lake Ontario during winter months, 1959-61. 
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Some of the data collected and preliminary analyses of these have been 
presented. Future work will be concentrated on studies to permit forecasting of 
ice formation, movement and dissipation, and in clarifying the relationships be- 
tween over-lake and over-land observations to permit use of the much more ex- 
tensive land data in determining such things as winter evaporation rates and wind 
set-up factors. 
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THE CANADIAN GREAT LAKES RESEARCH PROGRAM 


G. B. Langford, Director, 
Great Lakes Institute 
Toronto 


Limnological work has been done in Ontario for many years at several in- 
stitutions and field stations. The leading activities have been in the Department of 
Zoology of the University of Toronto, the Ontario Department of Lands and Forests 
and the Fisheries Research Board of Canada. In addition there have been individ- 
uals carrying out specific investigations as time and finances permitted. In recent 
years there has been a growing appreciation of the need for such an overall and 
unified study of the lakes. This has been brought about by a consideration of such 
factors as the decline of commercial fishing and the alarming spread of the lamprey 
eels; the large population (estimated at 30,000) that is dependent on the Great Lakes, 
and the probable increase in these numbers; expanding industrialization and utiliza- 
tion of lake water with its accompanying load of waste products; increased naviga- 
tion since the St. Lawrence Seaway was opened; the necessity of flow regulation for 
power purposes; the expanding program of offshore gas and oil developments; and 
lastly the use of the lakes for recreation. 

The multitude of individuals and agencies engaged in activities that use the 
lakes is creating a host of new situations, some of which are beneficial and some 
quite the opposite. The scales tip in the direction of abuse rather than the bestow- 
ing of benefits. Even though these lakes are large, they each have a tolerance for 
abusive practices, and if we go beyond the limit we may upset the balance of nature 
and create a situation that will be difficult to rectify. Man has done this in his use 
of other natural resources, and he will surely give a repeat performance in this 
our greatest and most important natural resource, unless we learn to use these 
waters properly. 

Last summer I had an opportunity to visit several limnological institutes in 
Western Europe. I was interested to find out how their cities were able to survive 
for hundreds, or even a thousand years and still have adequate supplies of fresh 
water and suitable means of waste disposal. 

I found that the old order was no longer capable of meeting the present sit- 
uation. The fresh water situation in Western Europe is undergoing a great change. 
The water and waste treatment plants of the past are not adequate to meet the un- 
precedented demands for water and waste disposal that result from the rapidly ex- 
panding population and industrialization. In order to meet this new situation the 
authorities are turning to the scientific and engineering institutes which study such 
problems for the answers. Many limnological institutes are expanding and the in- 
crease in financial support in many countries was quite noticeable. 

On the North American continent we have areas that are comparable to the 
densely industrialized areas of Europe and with similar water problems. We also 
have areas where the waters are virtually undisturbed and certainly not polluted; 
and we have all gradations in between. In the Great Lakes area we are in a middle 
position in that the lines of battle are being drawn—the problem is becoming ap- 
parent but we are not yet in the position where we must take drastic action. We 
have time to study our problem and find a proper solution. 

The Great Lakes Institute was created by the University of Toronto in 1960 
as a medium for coordinating the limnological work being done on the Lakes by a 
number of institutions and individuals in Ontario, and by a centralization of effort 
to secure more adequate support. This has been a successful approach. 
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The Institute has been recognized by the Canadian Committee on Oceanog- 
raphy as an integral part of Canada’s oceanographic organization. The Federal 
government supplies us with a 125 foot research ship—C.M.S. Porte Dauphine—and 
various Federal agencies supply funds, personnel and equipment. Provincial gov- 
ernmental agencies supply funds and equipment, and the National Research Council 
and the National Science Foundation also support the work. 

The program of the Institute is that of an extensive survey of each lake. 
This is done by establishing a grid of stations on a lake and occupying each station 
once a month—a quasi-synoptic survey. When a station is occupied data are gath- 
ered for each of our scientific programs—chemistry, meteorology, physics and 
zoology. Surveys are continued on a lake for two successive years to reduce the 
possibility of measuring an abnormal condition. Lake Ontario has been surveyed 
in this manner for two summers and one winter and Lake Erie for one summer. 

When the ship is not employed in the synoptic surveys, special cruises are 
made to study aspects of the geology, geochemistry and geophysics of the lake 
basins. 

The processing of the data being collected is a major task. This can best 
be illustrated by a statement of the work done on the Porte Dauphine during the last 
6 months of 1960: 


Statute miles logged 16175 
Stations occupied 1227 
Weather Observations 1684 
Surface Temperature Observations 2015 
Bathythermograph Readings 1348 
Meteorological Profiles 218 
Plankton Hauls (Clark-Bumpus) 1190 
Plankton Hauls (1-meter net) 26 
Water Samples 3141 
pH analyses 2018 
Eh analyses 252 
O, analyses 2211 
NH, analyses 108 
Conductivity analyses 1806 
Hardness analyses 108 
Alkalinity analyses 57 
Phenol analyses 424 
Bacteria analyses 472 
Bottom Samples 521 
Faunal analyses 65 
Sediment pH 56 
Sediment Eh 56 
Piston Core (total feet) 264 
Gravity Core (total feet) 34 
Current Measurements 126 


The rate at which data are being gathered makes it apparent that they must 
be recorded on some form of punch cards. It is suggested that steps should be 
taken by American and Canadian scientists to work out a satisfactory method of 
recording limnological data so that the records may be uniform and available to all 
scientists working in the Great Lakes area. 

The experience of the Great Lakes Institute, short though it is, has satisfied 
the Institute staff that limnological work in the Great Lakes must be approached 
from the viewpoint that it is a part of oceanography rather than an expansion of the 
limnology of small bodies of water. This is so for several reasons: 





ist 


all 


the 


CANADIAN GREAT LAKES RESEARCH 201 


The amount of work to be done in the lakes is of the same magnitude as in 
the oceans, because the lake waters must be studied and surveyed in greater detail 
than the oceans: all the work done in the lakes must be on a continuing basis for 
not only must the many processes causing changes be understood, but corrective 
measures must be devised and implemented; the work in the Great Lakes requires 
ships, shore establishments, equipment and personnel comparable to oceanographic 
work. 

Another important reason for additional support of the Great Lakes research 
is that it forms a valuable medium for training scientists for both limnology and 
oceanography. A ship operating in the lakes can accommodate many more graduate 
students than a similar ship in oceanographic work. The lake ship does not have to 
be equipped for long voyages, thus making more space available for personnel. 
Many of the lake cruises occupy 10 to 12 hours and the ship can return to port each 
night. This means that sleeping accommodation does not have to be provided for all 
the scientific personnel. With adequate training facilities on the lakes it is alto- 
gether likely that the universities in the Great Lakes area will increase their facil- 
ities for graduate training in oceanography and limnology. 
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RESEARCH ON LAKE SUPERIOR BY THE SCHOOL OF 
PUBLIC HEALTH, UNIVERSITY OF MINNESOTA 


Theodore A. Olson 
School of Public Health, University of Minnesota 


Although Minnesota is situated far inland, about as far away from the sea as 
one can imagine, many of its people, especially the scientists connected with educa- 
tional institutions, have had an interest in the sea and in oceanography. This inter- 
est has been shown in many ways; however, the one outstanding and perhaps most 
convincing evidence of our interest is manifested by the fact that as early as 1901 
University of Minnesota staff members had established a biological station known 
as the ‘‘Minnesota Seaside Station’’, on the west coast of Vancouver Island in the 
region of the Strait of Juan de Fuca near Port Renfrew. The leading spirits in this 
venture were well known botanists of that time, Dr. Conway MacMillan and Dr. 
Josephine Tilden, who with a few others invested private funds to get the station 
under way. The site was chosen in 1900 and the land was obtained from the pro- 
vincial government in 1901. A great many midwestern people visited the area. At 
the end of the spring term it was the custom to organize a party, which traveled by 
private railroad car to the coast and then moved out to the field station. Both on 
board train and in the field the meal preparation and other services were carried 
on by the scientists themselves on a roster basis; groups of individuals rotating in 
their roles as chefs, waiters or field workers. 

For reasons which are not entirely clear, the University of Minnesota 
severed official connection with the station in 1907 and the ‘‘Seaside Station’’ soon 
became a bit of obscure University history. However, it should be pointed out that 
within the brief span of the station’s existence an official marine publication was 
born, and that it was aptly named ‘‘Postelsia’’ after the beautiful palm-like sea 
kelp which is so characteristic of the surf-swept rocks along the Straits of Fuca. 
Only two volumes were published, one in 1901 and the other in 1906. Each was 
concerned primarily with marine algae and plants, although there were also some 
papers on the geology of the area and on tide pools. It is unfortunate that a project 
so enthusiastically begun could not have continued its contribution to our knowledge 
of marine biology. If it had, our scientific interest in that fresh water ocean which 
exists in our very midst, Lake Superior, might have had an earlier and more com- 
prehensive expression. 

As has been true in most of the other Great Lakes until relatively recent 
times, little truly basic or purely scientific work had been carried on in Lake 
Superior by 1950. To be sure, certain federal and municipal instrumentalities, 
primarily in their role as service agencies, had secured considerable data of value 
which had been directed toward certain limited and very practical ends. However, 
to those of us who for years had kept an eye on Lake Superior with the hope that we 
might some day have the funds to thoroughly explore its many interesting features, 
this did not appear to be enough. Hence, in 1955, when a small amount of money 
was made available to the School of Public Health under a contract with the Min- 
nesota Department of Health, which acts as the technical agency for the Minnesota 
Water Pollution Control Commission, it became possible to initiate a study which 
would provide a basis for a continuing type of comprehensive and basic scientific 
work on Lake Superior. Since it was immediately apparent that certain techniques 
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employed in oceanography might be desirable in these studies, the aid of an oceanog- 
rapher of international reputation was sought. Fortunately, Dr. A. C. Redfield, of 
the Woods Holes Oceanographic Institution, consented to serve as a consultant on 

the project, and as a result of his guidance a modest program of study was outlined 
which has now been carried on over a period of six years. 

This work, which has been limited to observations in the western end of 
Lake Superior, has resulted in five reports; a sixth is in preparation. These 
reports have dealt with physical limnology and associated phenomena, that is, with 
water movements and temperature, during the years 1956 and 1957; and with 
nutrients and chemistry of the water in 1958 and 1959. The forthcoming report, for 
the season of 1960, will deal with the plankton and productivity of the same region 
of the lake. 

Since 1956 the support funds coming from outside the University have been 
derived from two sources, (1) appropriations to the Water Pollution Control acti- 
vities of the Minnesota State Department of Health, and (2) funds from the U. S. 
Public Health Service. The latter contribution has been in terms of employment of 
certain personnel, field maintenance of such personnel, boat hire and the like. The 


funds obtained from outside sources during the period 1955 to the present are as 
follows: 


Water Polution Public Health Total 
Control Service 
July 1, 1955 to June 30, 1956 $5 ,000 $5,000 
July 1, 1956 to June 30, 1957 $15 ,000 $15,000 
July 1, 1957 to June 30, 1958 $10,000 $6,200 $16,200 
July 1, 1958 to June 30, 1959 $15,000 $15,000 $30,000 
July 1, 1959 to June 30, 1960 $15 ,000 $15,000 $30 ,000 
July 1, 1960 to June 30, 1961 $15,000 $15,000 $30,000 
Total $75,000 $51,200 $126,200 


During the period of this entire study there has been much interest shown 
within the whole university family, but the greatest support has come from the Uni- 
versity of Minnesota, Duluth. Through the cooperation of the administration and 
scientific staff of that campus it has been possible to remodel and outfit a former 
fisheries building, on the shore of Lake Superior at Duluth, as a limnological lab- 
oratory. A considerable portion of our relatively limited funds was spent on this 
building conversion, because we felt that it would be a contribution and stimulus to 
long-term research on Lake Superior in the future. This building, which now bears 
the label ‘‘Lake Superior Research Station University of Minnesota, Duluth’’, has 
been the center of our activity each year since it first was made available in 1957 
by the University Provost, Dr. Raymond Darland. 

A by-product of the studies carried on by the School of Public Health on 
Lake Superior is to be found in the recent organization of a new unit within the Uni- 
versity which has been named ‘‘The University of Minnesota Limnological Research 
Center.’’ For administrative purposes this activity resides in the Institute of 
Technology. However, the overall policy direction is the responsibility of the Dean 
of the Graduate School, advised by a university-wide committee. The present 
chairman of this committee comes from the School of Public Health; other mem- 
bers represent the fields of geophysics, ecology, game and fish management, para- 
sitology, and geology. The latter discipline is the field of specialization of the pre- 
sent director of the Research Center, Dr. Paul Gast, who is also an ex-officio 
member of the committee. Funds for the Research Center come from a Hill 
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Foundation Grant. During the summer of 1961 the Limnological Research Center, 
from its own funds and from National Science Foundation funds, is planning exten- 
sive work on Lake Superior in cooperation with the University of Michigan. It is 
hoped that the new Limnological Research Center ultimately will become an active 
sponsor of high-level fundamental scientific studies in many fields and that it will 
provide the opportunity and encouragement necessary to stimulate a variety of 
research in all phases of limnology. We are confident that as it matures the new 
center will achieve increasing importance in the University picture, and that it will 
provide leadership and opportunity for all who are truly interested in surface 
water. We see the Center as a coordinator of such activities, whether the problem 
is directly related to large bodies of water or to smaller lakes where certain 
detailed complementary types of research can be carried on. Thus, it can be said 
with some pride that after a period of approximately 50 years the University of 
Minnesota has renewed her interest in oceanography, this time applying her ener- 
gies and attention to the fresh water ocean which lies at her front door. 
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GREAT LAKES RESEARCH DIVISION * 


Institute of Science and Technology 
The University of Michigan, Ann Arbor 


BACKGROUND 


The Board of Regents of The University of Michigan established a Great 
Lakes Research Institute on May 16, 1945, ‘‘for the encouragement and integration 
of studies of the physical, chemical, biological, and other aspects of the Great 
Lakes and related areas.’’ It has functioned as a research organization in the 
broadest sense with the objectives of stimulation, promotion, and coordination of 
research on the Great Lakes, as well as the implementation of the University’s 
relevant teaching and research programs. Its objectives may be stated more spe- 
cifically as follows: 

1. To contribute by every means at its disposal to increased understanding 
of all aspects of the Great Lakes region. 

2. To cooperate with other organizations on the campus, within the state, 
and outside the state in the conduct of mutually beneficial research on the Great 
Lakes and their tributary waters. 

3. To make available the results of Great Lakes investigations, and to make 
special efforts to place them in the hands of those concerned with practical opera- 
tions. 

4. To serve, in general, as a center for Great Lakes information and re- 
search for the University, the state, and the entire Great Lakes region. 

5. To implement the teaching and research programs of The University of 
Michigan. 

On April 1, 1960, the Great Lakes Research Institute was reorganized as 
the Great Lakes Research Division of the Institute of Science and Technology at 
The University of Michigan. This reorganization provides the Division with a more 
satisfactory administrative position in the University, a broader base for establish- 
ing a research program, and greater facilities and financial assistance. However, 
its objectives have not been altered by the reorganization. 

Administration of the Division is carried on by a Director, assisted by a 
Council and an Advisory Committee. In 1953, Dr. David C. Chandler, Professor of 
Zoology, joined the University staff to help initiate an active field program on the 
Great Lakes. He served as Chairman of the Council of the Great Lakes Research 
Institute from 1956 to 1960 and then became Director of the Division when it was 
organized in April 1960. The present administrative and scientific staff of the Di- 
vision is listed in Appendix I. 

The major support for the research program of the Great Lakes Research 
Division is obtained from outside agencies contributing directly to the Division and 
its staff; through related University activities in the form of individual research 
grants, contracts, fellowships, etc.; and through contributions from other institu- 
tions toward the operating expenses of research projects. The Division is support- 
ed in part by the University, through the Institute of Science and Technology. Uni- 
versity funds available for research projects are used primarily to complete 
preliminary studies, before submitting a program to a potential sponsor. 


*Prepared by the Director and Advisory Committee and presented by John C, Ayers. Revised 
to August 1961. 
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RESEARCH PROGRAM 


BROAD OBJECTIVES 


Members of the Great Lakes Research Division are deeply concerned about 
the fate of the Great Lakes as a natural resource. The importance of these waters 
as a resource of increasing value to the State of Michigan and to the nation as a 
whole is generally accepted, but not fully understood. Despite the widely recog- 
nized economic value of these lakes, there is an astonishing lack of fundamental 
knowledge about them, rendering impossible a proper evaluation of the use of this 
resource. It is certain, however, that man through his use of these waters is pro- 
ducing marked changes in their characteristics. Before the nature and rate of 
these changes can be determined, basic data must be obtained. 

The Division has cooperated, and desires to continue and extend coopera- 
tion, with federal, state, and other interested agencies in solving the numerous 
economic and social problems related to the Great Lakes. But the Division is con- 
vinced that a successful plan of attack on the increasing problems involved in ship- 
ping, water supply, sanitation, recreation, and biological resources first necessi- 
tates the acquisition of a background of basic information. 

The scope of research within the Division is broad, encompassing all dis- 
ciplines wherein lie research problems applicable to the Great Lakes and their 
drainage basin. Research thus far has been confined to selected problems of the 
Great Lakes and their tributary waters; however, the program will broaden with 
increased availability of scientific personnel, research facilities, and financial sup- 
port. The immediate effort of the Division is concentrated on the problem of water 
resources of the Great Lakes drainage basin, with considerable emphasis on water- 
quality studies. Problems within the area of water resources, in which the Division 
is conducting research, are given in the following outline: 


1. Water Budget 


a. Inflows 

b. Outflows 

c. Energy budget 

d. Water level and storage 


2. Water Quality 
a. Physical 
b. Chemical - Geo., Bio. 
c. Biological 
d. Pollution (industrial, domestic, radioactive) 
e. Sanitation 


3. Translocation and Circulation 


Winds 
Seiches 
Currents 
Waves 
Tracers 


PPP FP 


4. Air-Water Interface Phenomena 


a. Mass transfer (water, particulate, etc.) 
b. Heat transfer (radiation, turbulent, conduction) 
c. Momentum transfer (turbulent, laminar) 





10. 


11. 


12. 
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Effects of Great Lakes on Regional Meteorological Conditions 


Effects on regional climate 
Precipitation - evaporation 
Temperature 

Weather systems 

Air quality 


- ? 


9 pps 


Ice Cover 


Extent and thickness 
Duration 

Importance to navigation 
Structure 

Shoreline modification 
Ice formation and breakup 


Pepe ryP 


. Chronology of Great Lakes 


a. Paleolimnology 

b. Eutrophication 

c. Carbon-14 dating 

d. Sedimentary stratigraphy 


Erosion and Deposition (contemporaneous) 


» 


Distribution of sediment types 

b. Distribution of source materials 

c. Sediment load 

d. Modification of shoreline 

e. Currents 

f. Identification of biological materials 


Nature of Lake Basins 


a. Core analyses 

b. Tectonic movements 
c. Magnetic field 

d. Gravitational field 
e. Seismic phenomena 
f. Heat flow 

g. Morphology 


Biological Productivity 


a. Physical environment 

b. Biota 

c. Biogeochemical cycles 

d. Energy relations of ecosystems 


Biological Resources 


a. Waterfowl 
b. Fish 
c. Plankton 


Engineering and Development 


a. Instrumentation 
b. Marine installations 
c. Shore protection and beach and harbor improvement 
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Anti-fouling of ships 

Waste treatment 

Water purification 

Waste outfalls and water intakes 
Sound propagation 


rUr? > 


PAST AND CURRENT PROGRAM 


Sponsored research has been conducted since 1945. Activities have been 
greatly increased since 1954 when a continuous field program was initiated. The 
present program, conducted by personnel from various departments of the Univer- 
sity in cooperation with international, federal, and state organizations, is directed 
at problems involving Lakes Superior, Michigan, Huron and Erie. 

The nature, diversity, and status of research activities from 1954 to 1961 
are given in the following outline listing (a) publications resulting from projects, 
(b) reports of projects in manuscript from, (c) projects not yet published or in 
manuscript from, (d) current projects, and (e) new projects for 1962. 


(a) Publications Resulting from Projects 


GLRD Publications 


Currents and Water Masses of Lake Huron. J. C. Ayers, D. V. Anderson, D. C. 
Chandler, and G. H. Lauff. Pubn. No. 1, 1956. 101 pp. 


Some Aspects of the Physical Limnology of Grand Traverse Bay. G. H. Lauff. 
Pubn. No. 2, 1957. 56 pp. 


Currents and Water Masses of Lake Michigan. J. C. Ayers, D. C. Chandler, G. H. 
Lauff, C. F. Powers, and E. B. Henson. Pubn. No. 3, 1958. 169 pp. 


Proceedings, Third Conference on Great Lakes Research— Present Status and Fu- 
ture Needs. Pubn. No. 4, 1960. 160 pp. 


An improved technique for measuring wind and temperature profiles over water. 
Donald J. Portman. Jn GLRD Pubn. No. 4, 1960, pp 77-84. 


Applications of Data Collected Along Shore to Conditions in Lake Erie. C. F. Pow- 
ers, D. L. Jones, P. C. Mundinger, and J. C. Ayers. Pubn. No. 5, 1960. 
78 pp. 


The Bottom Sediments of the Straits of Mackinac Region. G. H. Lauff, E. B. Hen- 
son, J. C. Ayers, D. C. Chandler, and C. F. Powers. Pubn. No. 6, 1961. 
69 pp. 


Proceedings, Fourth Conference on Great Lakes Research. Pubn. No. 7, 1961. In 
press. 


Waterfowl losses on the lower Detroit River due to oil pollution. George S. Hunt. 
In GLRD Pubn. No. 7, 1961. 


Investigation of bottom cores from north and south-central Lake Superior. John R. 
Reid. Jn GLRD Pubn. No. 7, 1961. 


Measurement of horizontal diffusion in the Great Lakes. Vincent E. Noble. In 
GLRD Pubn. No. 7, 1961. 
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GLRD Contributions 


A dynamic height method for the determination of currents in deep lakes. J. C. 
Ayers. Limnol. and Oceanog., 1(3): 150-161, 1956. Contr. No. 2. 


Simplified computations for the dynamic height method of current determination in 
lakes. J. C. Ayers and R. Bachmann, Limnol. and Oceanog., 2(2): 155-157, 
1957. Contr. No. 3. 


Water transport studies in the Straits of Mackinac region of Lake Huron. C. F. 


Powers and J. C. Ayers. Limnol. and Oceanog., 5(1): 81-85, 1960. Contr. 
No. 6. 


GLRD Special Reports 


Report on the Conference on the Upper Great Lakes, Douglas Lake, July 29-31, 
1953. Spec. Rpt. No. 2, 1953. 22 pp. 


The Great Lakes and Michigan. Spec. Rpt. No. 3, 1955. 39 pp. 


Great Lakes Research Institute: Organization, Objectives and Program. D. C. 
Chandler. Jn Great Lakes Programs and Problems. Great Lakes Commis- 
sion, 1956. pp 47-53. Spec. Rpt. No. 4. 


The currents of Lakes Michigan and Huron. J. C. Ayers. Spec. Rpt. No. 5, 1959. 
51 pp. 


Sources of hydrographic and meteorological data on the Great Lakes. C. F. Pow- 
ers, D. L. Jones, and J. C. Ayers. Spec. Rpt. No. 8, 1959. 183 pp. 


Big Rock Nuclear Power Plant hydrological survey. J. C. Ayers, V. E. Noble, 
C. F. Powers, W. E. French. Spec. Rpt. No. 9, 1960. 45 pp. 


A standard deviation computer. F. V. Brock and D. J. Provine. Spec. Rpt. No. 10, 
1961. 25 pp. 


Analog computing techniques applied to atmospheric diffusion: continuous line 
source. Fred V. Brock. Spec. Rpt. No. 11, 1961. 51 pp. 


Analog computing techniques applied to atmospheric diffusion: continuous point 
source. F. V. Brock and E. W. Hewson. Spec. Rpt. No. 12, 1961. 56 pp. 


Great Lakes Research Checklist. Issued periodically, with the Great Lakes Com- 
mission. 


(b) Reports of Projects in Manuscript Form 


A preliminary report on some interesting algae from Lake Huron. M. G. Fenwick. 


Distribution of benthic fauna in the Straits of Mackinac region. E. B. Henson and 
D. C. Chandler. 


Geology of bottom sediments from Burt Lake, Cheboygan County, Michigan. John 
R. Reid. 


Petrography of northeastern Lake Michigan bottom sediments. John E. Moore. 


Lake Stanley, a low stage of Lake Huron indicated by bottom sediments. Jack L. 
Hough. 


A comparison of inv situ and calculated integral photosynthesis in large lakes. G. W. 
Saunders, F. B. Trama, and R. Bachmann, 
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Water pollution and ecology of aquatic plants and invertebrates in the lower Detroit 
River. George S. Hunt. 


The phytoplankton of Lake Huron. M. G. Fenwick. 


The use of a portable photo-cell fluorometer for dilution measurements in natural 
waters. John C. Ayers and Vincent E. Noble. 


Topographic influences on the behavior of stack effluents. E. W. Hewson, E. W. 
Bierly and G. C. Gill. 


The effects of continuous gamma radiation on the intrinsic rate of natural increase 
of Daphnia pulex. J. S. Marshall. 


(c) Projects not yet Published or in Manuscript 
Comparative studies of primary productivity in a series of northern Michigan lakes 
and Lake Huron. G. H. Lauff, F. B. Trama and S. Richman. 


A study of the sediments and included fauna of Mullet Lake. J. C. Ayers, G. H. 
Lauff and D. C. Chandler. 


Sediments of Grand Traverse Bay. G. H. Lauff. 
Hydrographic survey relative to water intake for the City of Flint. J. C. Ayers. 


(d) Current Projects 
An analysis and evaluation of the factors influencing the determination of recent 
rates of crustal movement in the Great Lakes region. W. F. MacLean. 
Atmospheric diffusion in transitional states. E. W. Hewson. 


Structure of atmospheric turbulence over selected portions of the Great Lakes. 
Donald J. Portman. 


Bottom coring in Lake Superior. James H. Zumberge. 


Fates and effects of radioisotopes in aquatic food chains. David C. Chandler and 
Jack S. Marshall. 


The fungi in lake sediments. F. K. Sparrow, Jr. 


A synoptic measurement of primary productivity in Traverse Bay. Francesco B. 
Trama. 


A geochemical investigation of the Great Lakes. Paul L. Cloke. 


Ecology-water quality changes in Lakes Michigan - Erie. Charles F. Powers and 
David L. Jones. 


Pollen studies of the sediments of Grand Traverse Bay. Wm. S. Benninghoff. 


(e) New Projects for 1962 


Pollen and spore content of the lower atmosphere throughout the year in south- 
eastern Michigan. W. S. Benninghoff. 
Improved instrumentation for physical limnology. V. E. Noble. 


The role of indigenous water bacteria in the metabolism of natural waters. George 
W. Saunders. 
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Winter ice cover in the Great Lakes. J. H. Zumberge. 


A coherent-area study of southern Lake Michigan. J. C. Ayers and D. C. Chandler, 


RESEARCH FACILITIES 


The University provides the Division with space for offices, laboratories 
and storage, and has begun construction of a new building for the Institute of Sci- 
ence and Technology which will provide the Division with additional space in 1963. 
The Division currently has a modest inventory of research equipment with which to 
conduct its program, as well as the necessary funds to increase the number and 
variety of research tools as they are needed. 

At present the Division owns a well-equipped 34-foot research vessel 
(NAIAD) for inshore studies; open lake investigations are made with chartered ves- 
sels ranging from 45 to 178 feet in length. Additional research vessels will be ac- 
quired by the Division within the next year, consisting of suitable ships for remod- 
eling or new construction. 

In May of 1961, the University acquired the use of State Ferry Pier No. 3 at 
St. Ignace, Michigan, previously used by the Straits Ferry Fleet of the Michigan 
Highway Department. This property consists of two concrete and steel earth-filled 
piers more than 200 feet long, four slips between and alongside in which there is 
depth of 20 feet or more, approach roads, parking space, and about two acres of 
land suitable for the construction of shops, storage and, if desirable, a shore lab- 
oratory. These piers are located less than 30 minutes by car from the University 
of Michigan Biological Station and are situated strategically at the point where 
Lakes Michigan, Huron, and Superior flow together. In general, these piers will 
provide excellent berthing, storage and dockside shop facilities which the Division 
will use cooperatively with other institutions as a base of operations for appropri- 
ate and useful research in the lakes. 

Many administrative and research facilities of the University are available 
for the implementation of the Division’s program, and among them are several 
worthy of special mention, such as excellent libraries, special bibliographies, 
computer center, Phoenix Laboratory for the peaceful use of atomic energy, naval 
tank, Office of Research Administration, etc. 


TRAINING AND RESEARCH UNITS IN AQUATIC SCIENCES 
IN ANN ARBOR 


1. University of Michigan 


Bacteriology 

Biological Station 
Biophysics 

Botany 

Chemical Engineering 
Chemistry 

Civil Engineering (Hydraulic, Sanitary, Transportation) 
Conservation 
Environmental Health 
Fisheries 

Geography 

Geology and Geophysics 
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Mathematics 

Meteorology 

Naval Architecture 

Oceanography 

Paleontology 

Physics 

Wildlife Management 

Zoology (Limnology, Ichthyology, Malacology) 


2. Non-University Research Units in Ann Arbor 


Institute for Fisheries Research of the Michigan Department of Conserva- 
tion 

Great Lakes Commission (Great Lakes Basin Compact) 

U. S. Bureau of Commercial Fisheries, Regional Office and Biological Lab- 
oratory 

Great Lakes Fishery Commission (International) 
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APPENDIX I 


Staff of the Great Lakes Research Division, August 1961: 


ADMINISTRATIVE 


Director: David C. Chandler 


Administrative Assistant: Margaret N. Everett 
Supervisor of Facilities: Clifford L. Tetzloff 


Council: 


John C. Ayers 
Jack A. Borchardt 
Richard B. Couch 


Marvin Fast 
Kenneth L, Jones 
Lloyd L. Kempe 
Karl F. Lagler 
James E. Lesch 
Alfred H, Stockard 
Clarence J. Velz 
James H. Zumberge 


Advisory Committee: 


John C, Ayers 

Jack A. Borchardt 
E. Wendell Hewson 
James E, Lesch 
James H. Zumberge 


SCIENTIFIC 


E. Bennette Hensun 


Frederick K, Sparrow, Jr. 


Paul L. Cloke 
James H. Zumberge 
Jack S. Marshall 
George W. Saunders 
Francesco B, Trama 
Frank R. Bellaire 

E. Wendell Hewson 
David L. Jones 
Donald J. Portman 
John C, Ayers 
Charles F. Powers 
William S. Benninghoff 
Vincent E. Noble 


Department of Zoology 

Department of Civil Engineering 

Department of Naval Architecture and 
Marine Engineering 

Great Lakes Commission 

Department of Botany 

Depts. of Chemical & Civil Engineering 

Department of Fisheries 

Office of Research Administration 

Univ. of Michigan Biological Station 

Department of Environmental Health 

Department of Geology 


Oceanography 

Sanitary Engineering 
Meteorology 

Research Administration 
Geology 


Biologist 
Botanist 
Geochemist 
Geologist 
Limnologist 
Limnologist 
Limnologist 
Meteorologist 
Meteorologist 
Meteorologist 
Meteorologist 
Oceanographer 
Oceanographer 
Palynologist 
Physicist 











